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ABSTRACT

Coderoni, Marco PhD, Embry-Riddle Aeronautical University, July 2018. A Computational Analysis of the Aerodynamics and Aeroacoustics of Jets with Fluidic
Injection.

A detailed numerical analysis of fluidic injection as a tool to reduce noise emission
is presented here. The noise reduction strategy, developed at the Pennsylvania State
University, is based on injectors that blow air into the diverging section of the nozzle
to emulate the effect of interior corrugation on the jet plume. The advantage is that
the injection can be activated during takeoff and turned off during other phases of
flight so that performance is not affected. Numerical simulations are performed on a
military-style nozzle based on the GE F400-series engines, with a design Mach number
of 1.65, for over-expanded jet conditions. The effectiveness of the fluidic injection as
noise reduction technique is analyzed for heated and unheated jets. A high-order
Large Eddy Simulation (LES) solver, developed originally at Purdue University, is
used to analyze the flow-field and the acoustic field. New initial conditions and
new boundary conditions are introduced. A set of Reynolds Averaged Navier-Stokes
(RANS) simulations is used to set up the initial and boundary conditions for the
LES runs. The numerical results are compared and validated with the outcome of
experiments and RANS simulations performed at the Pennsylvania State University.
The characteristics of unheated and heated jets are presented and compared. The
higher temperatures do not modify the shock-cell structures, while they affect the jet
development and the acoustic signature. The fluidic injection shows the potential of
breaking down the shock-cells into smaller structures with lower strength, directly
reducing the intensity of broadband shock associated noise. Moreover, the injectors
are found to affect the development of the larger turbulent structures that generate
the peak noise. For the cases tested the injectors reduce the peak noise by more
than 1.5 dB for the unheated jet and by 3 dB for the heated jet, on the azimuthal
plane in between two lines of injectors. The direction of maximum sound propagation
moves from about 30◦ to about 50◦ as the jet gets heated. An analysis of the thrust
changes due to activating the injectors is also presented for the heated and unheated
jet conditions. The specific thrust is reduced by about 3% when the injectors are
used.
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1. Introduction

1.1

Motivations

The restrictions on aircraft noise imposed by the Federal Aviation Administration
(FAA), in the United States, as well as by all the other aviation authorities in the
world, have become in the past decades more and more stringent. This occurred in
order to guard the health of the people that live near, work in, or simply come across,
the areas surrounding airports. Indeed, various researchers have shown the negative
effects that aircraft noise has on health such as, but not limited to, hypertension
in adults (Schmidt et al., 2013) and negative motivational and cognitive effects on
children (Cohen et al., 1980). Furthermore, from the military point of view, ground
crews working in direct contact with jet fighters as on aircraft carriers are even more
affected by aircraft noise. In his report, Doychak (2010) shows that the U.S. Department of Veterans Affairs (VA) paid about $1 Billion/year for hearing loss expenses
in the past several years. During the period 1968-2006 the Navy spent $6.48 Billion
and the Marines spent $1.48 Billion over 35 years. (Doychak, 2010)
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1.1.1

Jet noise

Aircraft noise can be described by two main sources: the airframe noise due to the
interaction of the airflow with the body of the aircraft, and the engine noise due to
the noise generated only by the propulsive systems. The latter one is a combination
of several different components. For a typical turbofan engine, the noise contains fan,
compressor, combustion, turbine and jet noise. The focus of the present research is
on only one component of the aircraft noise: the jet noise.
What is jet noise? Using the definition given by Lighthill “The jet noise is assumed to be only the noise generated by the fluid itself exiting from the nozzle.”
(Lighthill, 1963) The jet noise, hence, does not take in account all the noise components connected with the mechanical part of the jet engine or the combustion. Among
the different components of aircraft noise, jet noise is the loudest one during takeoff.
This is the reason why in the past decades researchers have put a lot of effort into
finding possible solutions to the jet noise problem.
The noise generation mechanisms are still not well enough understood to facilitate
an effective way to drastically reduce the noise emitted. During the last decades a
trial-and-error approach has been used to find possible ways to reduce the noise level.
Several different designs have been studied for civil and military aircraft. Each design
has a trade-off between the noise reduction and thrust loss. Also, some of them have
been found to be more effective on supersonic jets than subsonic (or vice versa).
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1.2

Literature Review

The assessment of a noise reduction design typically includes experimental and
computational analyses as tools to achieve a better understanding of the noise reduction mechanisms involved. In the numerical approach, Reynolds Averaged Navier
Stokes (RANS) simulations are commonly used to get steady solutions in a short time
to quickly analyze the effect of different design parameters on the flow-field. However,
since with RANS turbulence is not computed directly, but modeled, noise signals can
only be evaluated by modeling (e.g. acoustic analogy) making this approach approximate and the evaluation of noise control strategies problematic. Therefore, Large
Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are typically used
to achieve more accurate results since they can predict more realistic turbulence.
DNS are the most accurate simulations, but they require extremely high computational power, because all the turbulent scales need to be solved down to near the
Kolmogorov scale. On the other hand, LES require lower computational power since
they solve directly the larger scales and model (explicitly or implicitly) the smaller
scales. Experimental evidence (Tam, 1991; Tam et al., 1996, 2008) shows that jet
noise is generated at low frequency by large-scale structures and at high frequency
by fine-scale structures. The large turbulent scales are more effective than the finescales in generating noise. For this reason, LES were found to be a good candidate
for computational aeroacoustics (CAA) (Crighton, 1981; Zaman, 1985, 1986; Hussain, 1986; Tam, 1991; Mankbadi et al., 1994). In the last decades LES have been
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combined with surface integral aeroacoustics methods (Lyrintzis, 2003), in order to
perform computational aeroacoustics analyses. LES is used to analyze the near-field
and then the Kirchhoff (Lyrintzis, 1994; Lyrintzis & Mankbadi, 1996) or the Ffowcs
Williams-Hawkings method (Ffowcs Williams & Hawkings, 1969; di Francescantonio,
1997; Brentner & Farassat, 1998) is used to compute the far-field acoustics. More
recently, nozzle geometry and noise reduction designs have been included in order to
simulate more realistic conditions for jet noise analysis (Martha et al., 2012; Aikens
et al., 2015; González et al., 2015; Hafsteinsson et al., 2015; Goparaju & Gaitonde,
2016; Dhamankar et al., 2016a).
In their paper, Bodony and Lele (2008) present an extensive review of the application of LES to subsonic and supersonic jets. The latest developments of LES for jet
analysis focus on several different topics. The major ones are free jets and impinging
jets that simulate typical aeronautic situations. However, there are also alternative
circumstances where jet flows are important, like underwater jets (Liu et al., 2014)
or suction-injection system to control temperatures (Vuorinen et al., 2011).
For the impinging jet case the attention is focused on naval applications (Erwin
et al., 2012), such blast deflector, or for launcher applications (Dargaud et al., 2011;
Troyes et al., 2014; Mankbadi et al., 2016). The typical approach is to simulate a jet
impinging on a flat plate (Dauptain et al., 2010; Uzun et al., 2013; Salehian et al.,
2018).
A lot of work has been done using LES on free jets. The majority of early LES
run were based on domains that do not contain the nozzle geometry. More recently,
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an effort on including the geometry was make in order to perform more realistic flow
simulations. But still, nowadays, about half of the researches rely on domains without
nozzle geometries. This occurs because avoiding the simulation of a boundary layer
allows the researches to focus on other phenomena that affects the jet plume.
Trying to follow a chronological time-line (from 2010 to 2018), we find Foysi et
al. (2010) who analyzed the effect of varying density on heated and cold round and
plane jets. Bogey et al. (2011) and Bogey and Marsden (2016) studied the effect of the
boundary layer on a subsonic jet at M = 0.9 using a tripped boundary layer (Bogey et
al., 2011) and generating a experiment-like boundary layer (Bogey & Marsden, 2016).
Cavalieri et al. (2011) performed a modal acoustic analysis on the same M = 0.9 jet,
while Cacqueray et al. (2011) performed a simulation of a highly supersonic overexpanded jet. Lo et al. (2012) analyzed supersonic unheated perfectly expanded and
under-expanded flows, using characteristic filtering and a shock detector. Martha et
al. (2012) improved the code used by Lo to make it efficient and to improve scalability
by employing a multi-block geometry. Detailed description of the algorithms used to
improve the LES code can be found also in Situ et al. (2010, 2014) and Situ (2014).
The same year J. Kim et al. (2012) studied the effect of using implicit or explicit filters
for the LES. Wan et al. (2013) analyzed free and swirling jets, Karlin (2013) studied
the effect of different sub-grid scale modeling and Tajallipour et al. (2013) performed
a LES on an unstructured grid using finite element and finite volumes approach with
a self-adaptive upwinding scheme for a subsonic compressible jet.
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The majority of the simulations performed rely on structured solvers, only recently
unstructured solvers for LES are emerging. They are used for study impinging jet
(Dauptain et al., 2010), subsonic jet (Tajallipour et al., 2013), supersonic jets (Nichols
et al., 2012; Mendez et al., 2012; Fosso Pouangué et al., 2015). This kind of grid is
more uniform in the three dimensions and can easily conform to complex geometries.
However, it requires higher computational power, as parallelization is not as efficient
as in structured grids. Also, unstructured grids are mostly used on lower order solvers
that require more cells locally to reach the same level of accuracy of a higher order
structured solver. Fosso Pouangué et al. (2015) performed a comparison between
structured and unstructured grids for no-nozzle subsonic jet noise simulations. They
found that the structured grid are still the best option for jet noise analysis in terms
of computational costs (requiring almost a fourth of the cells of the unstructured
grid) and easiness of the derivation of the high-order schemes. On the other hand,
taking into account the use of nozzle geometries, unstructured grid would simplify
the meshing process for complex geometries.
The objective of getting more realistic results pushed the researchers to include
also the nozzle geometries. Indeed phenomena like the boundary layer development
or the generation of shocks inside the nozzle affect the jet plume development and so
the aeroacoustics, namely the noise emitted. Hence, simulating the nozzle geometry
could provide a better understanding of the noise generation mechanisms. Moreover,
it allows one to analyze possible noise reduction designs that could not be simulated
without including a geometry. As done for the no nozzle cases, the most recent results
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are being discussed following a chronological time line. Karabasov et al. (2010) show
a possible way to use LES results to determine the amplitude of parameters used in an
acoustic analogy to predict the noise in the far-field. This hybrid acoustic analogy is
based on using linear Euler equations and RANS solution for the far-field. Gao and Li
(2011) use a dispersion-relation-preserving scheme for the spatial discretization and
an adaptive selective damping for shock capturing to study an imperfectly expanded
supersonic jet. Wang and McGuirk (2011) developed an improved rescaling-recycling
method for synthetic inlet conditions for a round subsonic nozzle, and they used it to
study an over-expanded supersonic jet from a rectangular nozzle (Wang & Mcguirk,
2013). Nichols et al. (2012) and Mendez et al. (2012) performed LES with unstructured solvers on supersonic jets. Nichols et al. (2012) analyzed crackle noise on a
heated jet, while Mendez et al. (2012) studied an almost perfectly expanded jet using
an explicit sub-grid-scale model an a shock capturing model.
More recently, LES solvers have been used to analyze modern noise reduction
designs such beveled nozzles (Aikens et al., 2015), plasma actuators (González et
al., 2015; Goparaju & Gaitonde, 2016), fluidic injectors (Hafsteinsson et al., 2015;
Coderoni et al., 2017, 2018a; Cuppoletti et al., 2018) or chevrons (Dhamankar et
al., 2016a). Dhamankar et al. (2016a) modeled the chevrons using an immersed
boundary method (IBM), that allows one to use non-body-conforming grids, and
thus to simulate very complex geometries.
Alternative approaches use hybrid LES-RANS to overcome some limitations of
resolving or modeling the boundary layer inside the nozzle. This helps to generate
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grids that are less computational expensive than pure LES for complex geometries
like nozzles with co-flow (Eastwood et al., 2010; Eastwood & Tucker, 2011), chevrons
(Eastwood et al., 2012) or to study the effects of the upstream geometry on an installed
jet (Tyacke et al., 2016). The hybrid methods require a good modeling and proper
communication between the RANS and the LES in order to get accurate results.
In literature can be also found useful guidelines for the simulations. Bridges and
Wernet (2012) explain how to properly asses the results obtained from LES and
experiments, giving a tool to estimate the quality of the tests using a set of quantities
of interest for comparison. In addition, Uzun and Hussaini (2012) give a description of
issues connected to large-eddy-simulations dividing them in four categories: “Realistic
nozzle conditions; grid resolution for chevrons; limited axial domain size; low Reynolds
number”.
Most of the researchers have obtained their results on LES codes developed in their
research groups. However, some LES simulations were performed using commercial
codes such as Open Foam (Vuorinen et al., 2011) and ANSYS Fluent (Karlin, 2013;
Salehian et al., 2018).

1.2.1

Noise Reduction Techniques

In the past decades numerous strategies have been analyzed and tested to assess
their effectiveness in noise reduction and improved when found to be effective. In
the most recent years the focus has been on a few specific strategies that have shown
the potential to reduce jet noise, such as chevrons (Bridges & Brown, 2004; Rask
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et al., 2011; Heeb et al., 2013, 2014; Depuru Mohan et al., 2015; Depuru Mohan
& Dowling, 2016; Dhamankar et al., 2016a), interior corrugations and tabs (Seiner
et al., 2005, 2009; Behrouzi & McGuirk, 2009; Murray & Jansen, 2012; Powers et
al., 2013; Murray & Lyons, 2016; Pilon et al., 2017), beveling the nozzle (Seiner
et al., 2009; Viswanathan & Czech, 2011; Powers et al., 2011; Aikens et al., 2015),
microjets (Krothapalli et al., 2002; Greska, 2005; Camussi et al., 2008; Zaman, 2012;
Depuru Mohan & Dowling, 2016), plasma actuators (Samimy et al., 2007; KearneyFischer et al., 2011; Gaitonde, 2012; González et al., 2015; Goparaju & Gaitonde,
2016) and fluidic injection (Henderson, 2010; Caeti & Kalkhoran, 2013; Powers et
al., 2013, 2014; Hafsteinsson et al., 2015; Pourhashem & Kalkhoran, 2016b, 2016a;
Coderoni et al., 2017; Rajput et al., 2017; Coderoni et al., 2018a, 2018b).
Chevrons, microjets and fluidic injection enhance the mixing in the shear layer
region with a positive effect of reducing the turbulent mixing noise. Plasma actuators
are used to control the noise using specific frequencies to excite the jet and disrupt the
instability waves that lead to the noise emission. Beveled nozzles give a directionality
to the noise so that a specific orientation of the nozzle could help with the noise
impact to the ground.
In supersonic jets additional noise components are present, compared to the subsonic jets, i.e. the broadband shock associated noise (BBSAN) and screech tones.
Hence, for these cases, most of the noise reduction designs are focused on modifying
the shock-cell structures and affect the noise generated by the interaction between
turbulent structures and shocks. This can be obtained by modifying the nozzle ge-
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ometry using interior corrugations and tabs. Recently, fluidic injection has been used
to simulate the effect of interior corrugations on the shock-cells structures.

1.2.2

Fluidic Injection

The present research focuses on the use of fluidic injection as jet noise reduction
technique. This subsection describes more in detail the different configurations used
by researchers and gives an overview of the most recent developments.
The design of the fluidic injection has several degrees of freedom that need to be
set. Firstly, the actual injector design, namely their shape, size, numbers, etc. Then,
the location and the alignment with respect to the jet plume and the nozzle, that
define how the jet plume will be deformed. Lastly, the fluid (typically air or water),
the injection parameters (e.g. mass-flow rate, pressure, temperature, etc.) and the
injection style (e.g. steady, periodic, etc.), that affect the penetration of the injected
flow and its interaction with the main jet. Therefore, because of these many variables,
researchers analyzed an extremely large and heterogeneous set of layouts.
Early configurations of fluidic injection show a similar set up: a set of injectors
placed around the jet plume, typically equally spaced along the azimuthal direction
and oriented in order to blow the fluid into the jet plume, past the nozzle exit. For
aircraft applications the injectors are connected to the nozzle, while for rockets the
injectors are usually placed on the structures surrounding the exhausts. The fluid used
is commonly either air or water. The noise reduction effect is enhanced when using
water, thanks to the temperatures drop caused by the vaporization of the droplets
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and the larger momentum transfer between the jet and the water particles. On the
other hand water needs to be stored, making the method impractical for in-flight
use (due to the additional water weight), but suitable for launch sites applications.
Hence, air injection is typically applied for in-flight use.
An extensive description of the applications of fluidic injection for jet noise reduction is presented by Henderson (2010) over a period of 50 years, up to 2010. More
recently, researchers started developing and analyzing novel designs. One approach is
to combine chevrons and injectors to enhance the mixing properties of the chevrons
(Heeb et al., 2013, 2014). However, it was found that the combination does not create
an additive effect on noise reduction. For supersonic jets in off-design condition the
maximum noise reduction found is 2 dB (Heeb et al., 2014). Cuppoletti and Gutmark
(2014) used injectors embedded in the nozzle lips, oriented and paired in order to simulate the effect of chevrons. This configuration presents a maximum noise reduction
of about 3 dB for specific jet operating conditions and observer angles. Kœnig et
al. (2016) used steady injectors placed on a rotating center/body downstream the
nozzle exit. The actuator was found to reduce or increase the noise depending on
the effect of the interaction of the injectors and the rotation of the plug with the
jet stream. Caeti and Kalkhoran (2013), Pourhashem and Kalkhoran (2016b) and
Rajput et al. (2017) researched an uncommon design placing a rigid tube along the
nozzle centerline, that elongates downstream the nozzle exit and injects air radially
from holes located near its end. They analyzed different injectors configurations as
well as different tube lengths. This design applied to supersonic jets was found to
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modify the shock cells not only by the effect of the air injection, but also by the
solely presence of the tube. For supersonic over-expanded nozzles the design shows
promising levels of noise reduction (6 − 8 dB), but for its peculiarity it may not be
easily implemented on full scale nozzles.
Other approaches involve the use of injectors that directly blow air inside the
nozzle. This sort of configuration is typically used for supersonic jets operating in
off-design conditions. Indeed the injectors have the potential of modifying the shockcell structures and reduce the associated noise. In particular, it is seen that screech
tones and BBSAN can be reduced or canceled by such designs (Powers et al., 2014).
Hafsteinsson et al. (2015) place the injectors on the nozzle internal wall right before
the nozzle exit and analyze different injectors orientation, under constant and flapping
injection. The maximum noise reduction is about 3 dB at specific angles, but the
configuration appears to be louder at other observer angles. An important outcome is
that the flapping injection does not give better results than the constant injection. At
the Pennsylvania State University (PSU), the research group led by Philip J. Morris
and Dennis K. McLaughlin is working on a fluidic injection design that simulates the
effect of interior corrugations. The injectors are placed along the diverging section of
a supersonic nozzle and blow air directly into the nozzle, so that the main jet stream
is curved as if mechanical corrugations were present. They analyzed several different
configurations and operating conditions through experimental (Morris et al., 2013;
Powers et al., 2013, 2014; Morris et al., 2014; Powers et al., 2016; Morgan, McLaughlin, & Morris, 2017) and numerical analyses (Sikarwar & Morris, 2014, 2015; Kapusta
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et al., 2016; Morgan, Morris, et al., 2017). For supersonic heated jets operating in
over-expanded condition this design has the potential to reduce the peak noise up to
6 dB. Specific injectors pressures have been found to generate optimal noise reduction for different jet operating conditions (Powers et al., 2014). Moreover, different
number of injectors (along the azimuthal direction) have been analyzed and it has
been found that three equally spaced azimuthally present the optimal configuration
for noise reduction (Morgan, McLaughlin, & Morris, 2017). More recently, Cuppoletti
et al. (2018) presented the results of the analysis on a similar design, with injectors
blowing air into the nozzle. The results bring to similar conclusions found using the
PSU group’s design and show that this particular configuration tends to break down
the shock-cells and disrupt the mechanisms that generate screech tones and BBSAN.
In the present research the study will focus on the computational analysis of the
design introduced at PSU. More details can be found in section 1.3.

1.2.3

Heated Jets

Supersonic jets are louder than their subsonic counterparts since the jet velocity
is higher (the noise generated is proportional to the eighth power of the velocity
(Lighthill, 1952)) and if the jet is at off-design conditions, additional noise generating
mechanisms, such as screech tones and broadband shock associated noise (BBSAN),
form.
Extensive analyses of unheated and heated jets have been performed in the past
decades to understand what the effects are of the temperature on the fluid dynamics
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and noise emission. Hoch et al. (1973), Tanna et al. (1975) and Tanna (1977b)
show that heating a jet can increase or decrease the noise emission depending on
the acoustic Mach number (Ma = Vj /a∞ ). More specifically, at low jet velocity
an increase of temperature leads to higher sound pressure levels, while at high jet
exit velocity lower noise emissions are obtained by heating the jet, as long as the
jet velocity is held constant. Krothapalli et al. (1997) analyzed the influence of
forward flight on heated jets. They found that forward flight decreases the mixing
noise (with a smaller effect compared to cold jets), while inducing a small increase in
BBSAN and reducing its peak frequency. Viswanathan (2004) performed a detailed
analysis of the aeroacoustic properties of heated jets. He suggests a dependency on
the Reynolds number of the spectral shape for heated jets. The deviation of the
low frequency pressure levels from the fine-scale similarity spectrum is attributed
to a Reynolds number dependency instead of a dipole contribution as Tester and
Morfey (1975) hypothesized. The study suggests a critical Reynolds number of ∼
400,000, above which the spectra become insensitive to variations in the Reynolds
number. Furthermore, the analysis shows that the spectra exhibit higher peak noise
and relative peak frequency increases as the jet is heated as long as the acoustic Mach
number is higher than unity. Viswanathan (2010) also found that the temperature
has a negligible effect on the peak source location in both low subsonic and highly
supersonic jets. In their research on subsonic jets, Hall and Glauser (2009) found that
hot jets show a dominant column mode structure, while cold jets have a dominant
helical mode structure. They also noticed that the heated jet has a shorter potential
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core and exhibits a faster velocity decay than the cold jet. This was found also by
Shea et al. (2017) in their analysis on the convection speed of eddies in heated and
unheated supersonic jets.
The computational analysis of hot jets is relatively recent. Bodony and Lele
(2005) compared subsonic and supersonic jets and their acoustic emissions under
unheated and heated conditions. Moore and Boersma (2006) presented a study of
cold and heated subsonic jets using DNS. Lew et al. (2005) studied the aeroacoustics
of subsonic jets under different heating conditions using an FWH method and then
extended the analysis using Lighthill’s acoustic analogy (Lew et al., 2007). More
recently Lorteau et al. (2015) used LES for subsonic hot jets including the nozzle
geometry, while Nichols et al. (2013) and Fiévet et al. (2013) used LES for supersonic
heated jets. Furthermore, LES applications on coaxial heated jets can be found in
literature. (Bogey et al., 2009; Gloor et al., 2016)

1.3

Objective

The present research objectives are presented and described here below:

1. Implementation of fluidic injection on the Purdue LES/CAA solver.
The main purpose of the present research is to analyze the effectiveness of the
fluidic injection as noise reduction design and identify the mechanisms that
lead to noise abatement. A high-order structured LES/CAA solver has been
developed by researchers at Purdue University, to analyze some of the noise
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reduction designs described in subsection 1.2.1. The code is used in the present
research to in order to analyze the fluidic injection design for noise reduction.
Due to the LES solver structure, a significant modification would be needed to
include the injectors geometries and get a solution. Thus a different and simpler approach is presented here. Looking at the physics of the case in analysis,
the relevance of the injectors is connected to the air that they inject and how
it modifies the jet properties. The conditions of the airflow at the injectors
exit are important, therefore, a boundary condition is sufficient to perform the
analysis instead of simulating the entire injectors. Since the characteristics of
the flow at the injectors exit are not known a priori, RANS simulations are performed, including the detailed injectors geometries, and the results are used to
set up a steady inflow boundary condition for the LES. In this way the injectors
boundary conditions are not uniform along the injectors points, are more realistic and do not generate instabilities in the solution. In particular, the present
implementation is blended with the wall model formulation present in the LES
solver and avoids the limitation of having a single boundary condition at the
nozzle superblock boundary. The wall model is turned off at the points where
the injectors boundary condition is applied.

2. Analysis of the noise reduction effectiveness of the fluidic injection design for a military style nozzle operating in unheated over-expanded
conditions. The analysis is focused on nozzle geometry of the General Electric
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engine of the F404 family, typically used on the F/A-18 multi-role combat jet
and base-design of the F414 engine planned to be used in future on the Quiet
Supersonic Technology (QueSST) X-plane design for supersonic flight program
partnered by NASA and Lockheed Martin (Banke, 2018). This particular engine
nozzle is chosen in order to mimic the set up used in the experimental analysis
of the fluidic injection design performed at the Pennsylvania State University
(Powers et al., 2016). In this part of the research the nozzle operates in supersonic unheated over-expanded jet conditions. An initial detailed analysis of
nozzle without injectors is performed in order to have a properly defined baseline case to compare with. Then the injectors are turned on and the results
of the simulation are compared with the baseline case in order to get a better
understanding of the noise generation/reduction mechanisms. The choice of using the unheated operating condition for the jet is made in order to have more
experimental data (especially flow-field data that are missing in the heated jet
case) to validate the numerical methodology. Last, an analysis of the effect of
the fluidic injection on the thrust of generated is done to analyze the effect of
this design on the propulsive system performance.

3. Extension of the analysis to heated jets to verify the effectiveness
of the noise reduction design under more realistic operating conditions. The analysis of the nozzle geometry of the General Electric engine of
the F404 family is then extended to heated jets in order to simulate more re-
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alistic operating conditions and for which fluidic injection shows an enhanced
noise reduction effect (Powers et al., 2013). The effectiveness of the fluidic
injection as a noise reduction strategy is tested and analyzed for the heated
jets case and the results are compared and validated with the acoustic results
of the experimental analysis performed at the Pennsylvania state University.
The effect of the temperature on the flow-field and the acoustics is analyzed
comparing the results with the unheated case outcome in order to understand
what mechanisms are involved in the noise generation/reduction when the jet is
heated. Furthermore, the effect of the fluidic injection on the generated thrust
is analyzed and compared to the unheated case to study the effect of this design
on the propulsive system performance under more realistic operating conditions.

1.4

Dissertation Organization

In this section the organization of the dissertation is presented. The first part
of Chapter 2 describes the governing equations used in the LES analysis and the
numerical methods used to solve them. The numerical methods describe fundamental
parts of the computations such as the space and time discretization, shock capturing,
parallelization. Furthermore, a description of the boundary and initial conditions is
given with a special focus on the latest features implemented to fulfill the first of the
research objectives. Then, in the second part of Chapter 2, the methodology and
the equations used for the acoustic analysis are presented. The Ffowcs Williams-
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Hawkings method and the specific treatment used for end cap of the acoustic data
surfaces is described. The particular approach used (Ikeda et al., 2013, 2017) has
the potential to improve the quality of the acoustics results. In addition, a brief
description of the Line of Sight method (originally introduced by Aikens (2014)) is
presented to better explain how the grid cut-off frequencies are estimated.
Chapter 3 describes the analysis of a converging-diverging nozzle operating at
unheated over-expanded jet condition. The comparison between a baseline nozzle
without injectors and a nozzle with injectors on is performed. The initial part of
the chapter reports the preliminary analysis performed with the RANS simulation in
order to better understand the mechanisms involved for the nozzle with and without the injectors. This approach is used to improve the quality of the LES analysis,
specifically for set up the boundary conditions and the initial condition. In order to
reduce the complexity of the LES analysis, a perfectly round geometry is analyzed
and compared with the original multifaceted geometry of the nozzle, to verify that the
flow-field generated does not present substantial differences. Then, the LES analysis
for the baseline nozzle is presented. The effect of grid refinement, characteristic filter
are studied and the round geometry is compared with the multifaceted geometry to
verify that the small differences in the flow-field lead effectively to small differences
in the acoustic field. After the baseline case, the nozzle with injectors is analyzed
under the same operating conditions. The effect of the air injection on the flow-field
and thrust are shown as well as the effectiveness in noise reduction of this partic-
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ular configuration. The mechanisms involved in noise abatement are identified and
described.
Chapter 4 focuses on the analysis of the noise reduction design effectiveness for
heated jet. The chapter describes the results of flow-field and far-field acoustics for the
round nozzle with and without injectors comparing the RANS, LES and experimental
results. A specific treatment to handle the strong density gradient due to the different
jet and ambient temperature is described. Furthermore, the results are compared with
the unheated jet results to identify what is the effect of the heat on the flow-field and
acoustics.
The dissertation ends with Chapter 5 that reports the conclusions of this work.
In addition, a discussion about suggestions for future work is addressed.
Appendices A and B report the analysis of two different approaches used to avoid
some instabilities to arise during the simulations of unheated and heated jet, respectively.
Part of this dissertation have been published and presented in Journal and Conference papers. The preliminary analysis of the unheated jet case is presented in
Coderoni et al. (2017). In particular, the RANS analysis of round and multifaceted
geometry and the comparison of the LES results for the round nozzle with and without injectors using the 21M points grid are described. Then, the extension of this
study with the results of LES on the multifaceted geometry and the effect of the
characteristic filter and the grid refinement are published in Coderoni et al. (2018b).
Coderoni et al. (2018a) presents the analysis of the noise reduction technique for
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heated jets using a round nozzle geometry and compares the results with the one for
the unheated jet to identify the effect of heating a jet.

22

2. Governing Equations and Numerical Methods

The present dissertation includes aerodynamic and aeroacoustic analysis of turbulent
flows. The computation of the flow-field is performed using a LES solver and the
acoustics are obtained applying the Ffowcs Williams-Hawkings method. The LES
solver and the acoustics are based on a legacy version implemented by Uzun (2003)
and then extended by Lo (2010). The solver has been then modified into the ”modular” version by Martha (2013) and Situ (2014) to improve the performance. Successively, it has been expanded by Aikens (2014) and Dhamankar(2012, 2016) to include
additional features, such more advanced boundary conditions and a wall model, and
improve the realism of the simulations.
Section 2.1 describes the governing equations solved by the LES code for the flow
analysis of the present dissertation. Section 2.2 reports the details of the numerical
techniques implemented in the LES solver to resolve the flow field. Section 2.3 gives
an overview of the boundary conditions available in the code. Section 2.4 describes the
latest implementation for the initial conditions used to start the LES runs. Finally,
section 2.5 describes the acoustic methodology.
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2.1

LES Governing Equations

The governing equations used in the present formulation are the Favre-filtered nondimensionalized Navier Stokes equation. The LES approach is to resolve the larger
turbulent scales of the flow field filtering out the smaller, non-resolved, turbulent
scales. Hence, we can decompose the flow field f into the resolved scale fb and the
non-resolved sub-grid scale fSGS , as follows

f = fb + fSGS

(2.1)

The sub-grid scales effect in LES is typically modeled. The explicit approach is to
use a sub-grid model such as the gradient-diffusion Smagorinsky model (Smagorinsky,
1963). The dynamic Smagorinsky model (Germano et al., 1991) uses a variable
coefficient, instead of a constant, that is updated depending on the flow condition, in
order to have an accurate model for a wider range of turbulent fields. The dynamic
Smagorinsky model was implemented in the LES solver, but it is limited to Cartesian
topologies (Aikens, 2014) The implicit approach, typically called implicit LES (ILES)
(Grinstein et al., 2007; Adams & Hickel, 2009), assumes that the spatial filtering
procedures behave as the sub-grid scale model. In the present formulation we use the
ILES method for the sub-grid scales.
Successively, the flow field is filtered in order to remove from the solution the
effect of the sub-grid scales. This ensures that the solution includes only the eddies
down to the smallest scale that can be supported by the grid resolution. In the
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present formulation the variables in the Navier-Stokes equations are replaced by the
Favre-filtered (density-weighted-filtered) variables
c
ρf
f˜ =
ρb
where the accent

b

(2.2)

refers to the resolved scale part of the flow field.

The Favre-filtered Navier-Stokes equations can be expressed in their non-dimensional
conservative form for generalized curvilinear coordinates:
 





∂ Fi − Fv
∂ Gi − Gv
∂ Hi − Hv
1 ∂Q
=−
+
+
J ∂t
∂ξ
J
∂η
J
∂ζ
J

(2.3)

where t is time, ξ, η and ζ are the generalized curvilinear coordinates of the computational space and J is the determinant of the Jacobian of the coordinate transformation
from the Cartesian to the computational space. The vector of the conservative variables is Q, whereas F, G and H are the flux vectors in the generalized coordinates
with subscripts i and v to differentiate the inviscid and viscous fluxes, respectively.
The non-dimensional quantities are obtained dividing the dimensional values (defined by the superscript ∗ ) by reference quantities, i.e.
ρ=

ρ∗
,
ρ∗r

ui =

u∗i
,
Ur∗

p=

p∗
,
ρ∗r Ur∗2

t=

t∗ Ur∗
,
L∗r

xi =

x∗i
L∗r

(2.4)

where L∗r = RJ∗ , ρ∗r = ρ∗J , Ur∗ = UJ∗ and Tr∗ = TJ∗ are, respectively, the jet exit radius
and the density, velocity and temperature estimated at the jet exit using isentropic
relations.
The vector of conservative variables in Eq.2.1 is defined as

Q = ρb ρbũ ρbṽ ρbw̃ ρbẽt

T
(2.5)
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where ρbẽt is the total energy per unit volume, namely
ρbẽt =

pb
1
+ ρbũi ũi
γ−1 2

(2.6)

The thermodynamic quantities are related by the non-dimensional form of the
ideal gas law
pb =

ρbT̃
γMr2

(2.7)

where γ is the specific heat ratio and Mr is the reference Mach number. In the present
analysis we use a constant value of γ = 1.4. The reference Mach number used in the
jet analysis is the nozzle design Mach number.
The remaining terms of Eq. 2.1 are the inviscid flux vectors
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ρbW̃






 ρbũW̃ + ζ pb
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Hi =  ρbṽ W̃ + ζy pb





ρbw̃W̃ + ζ pb

z 




(b
ρẽt + pb)W̃

(2.8)

and the viscous flux vectors

  
0

Fv1  

  

  

F  
ξx (τxx − Ψxx ) + ξy (τxy − Ψxy ) + ξz (τxz − Ψxz )

 v2  

  

  
 (2.9)


=
Fv = 
ξx (τxx − Ψxx ) + ξy (τxy − Ψxy ) + ξz (τxz − Ψxz )

Fv3  

  

  

  
ξx (τxx − Ψxx ) + ξy (τxy − Ψxy ) + ξz (τxz − Ψxz )

Fv4  

  

  
ũFv2 + ṽFv3 + w̃Fv4 − [ξx (qx + Qx ) + ξy (qy + Qy ) + ξz (qz + Qz )]
Fv5
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Gv5
ũGv2 + ṽGv3 + w̃Gv4 − [ηx (qx + Qx ) + ηy (qy + Qy ) + ηz (qz + Qz )]
(2.10)
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Hv5
ũHv2 + ṽHv3 + w̃Hv4 − [ζx (qx + Qx ) + ζy (qy + Qy ) + ζz (qz + Qz )]
(2.11)

In the relations for the viscous fluxes, the resolved stress tensor is
µ̃
τij =
Re



2
2S̃ij − S̃kk δij
3

(2.12)

where S̃ij is the resolved Favre-filtered strain rate tensor defined as
1
S̃ij =
2



∂ ũi ∂ ũj
+
∂xj
∂xi


(2.13)

and the Reynolds number is given by

Re =

ρ∗r Ur∗ L∗r
µ∗r

(2.14)
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The resolved heat flux is



µ
∂ T̃
qi = −
(γ − 1)Mr2 ReP r ∂xi

(2.15)

In the present study, the Prandtl number, that defines the ratio among viscous diffusion rate and thermal diffusion rate, is fixed at a constant value of P r =

ν
α

= 0.7.

The viscosity is calculated using the Sutherland’s law

µ̃ =

where S =

S∗
,
Tr∗

µ̃∗
3/2 1 + S
=
T̃
µ∗r
T̃ + S

(2.16)

namely the Sutherland’s constant S ∗ = 110K divided by the reference

temperature Tr∗ . The last two remaining quantities in the viscous fluxes account the
effect of the unknown sub-grid scales. They are the sub-grid scale stress tensor
Ψij = ρb (ui˜uj − ũi u˜j )

(2.17)

and the sub-grid scale heat flux


Qi = ρb T˜ui − T̃ ũi



(2.18)

The two terms require modeling to close the equations. In the present ILES approach
the sub-grid scales are implicitly modeled, hence we set

Ψij = 0,

Qi = 0

(2.19)

It the relations for the inviscid fluxes we have the terms Ũ , Ṽ and W̃ . These are
the Favre-filtered contravariant components of the velocity along directions normal to
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the ξ constant, η constant, ζ constant grid surfaces, respectively. The contravariant
velocities are defined as:






 

 Ũ  ξx ξy ξz   ũ 
 
  
  
 
 Ṽ  = η η η   ṽ 
   x y z  
  
 
  
 
W̃
ζx ζy ζz
w̃

(2.20)

The grid metrics, for a grid that does not change with time, can be calculated as






−1

ξx ξy ξz  xξ xη xζ 
 



 

η η η  =  y y y 
 x y z  ξ η ζ 

 


 

ζx ζy ζz
zξ zη zζ

(2.21)

However, when the metrics are computed numerically it is suggested (Thomas &
Lombard, 1979; Visbal & Gaitonde, 2001; Deng et al., 2011) to use the following
conservative form







(yη z)ζ − (yζ z)η (zη x)ζ − (zζ x)η (xη y)ζ − (xζ y)η 
ξx ξy ξz 








η η η  = J  (y z) − (y z) (z x) − (z x) (x y) − (x y) 
 x y z
 ζ ξ
ξ ζ
ζ
ξ
ξ
ζ
ζ ξ
ξ ζ








(yξ z)η − (yη z)ξ (zξ x)η − (zη x)ξ (xξ y)η − (xη y)ξ
ζx ζy ζz

(2.22)

and apply the same spatial discretization scheme to calculate metrics and fluxes. This
approach, used in the present formulation, is necessary to reduce cancellations errors
and have free-stream preservation when using three-dimensional grids. The J term
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in the equation refers to the Jacobian of the transformation from the physical space
to the computational space
−1

x ξ xη xζ
J = yξ yη yζ
zξ

2.2

zη

=

1
xξ (yη zζ − yζ zη ) + xη (yζ zξ − yξ zζ ) + xζ (yξ zη − yη zξ )

(2.23)

zζ

Numerical Methods

The present section describes the numerical methodologies, such as differentiation
schemes, boundary conditions, etc., implemented in the present version of the LES
code.

2.2.1

Space and time discretization

In order to solve numerically the governing equations described in section 2.1,
the 6th-order centered compact finite differencing scheme of Lele (1992) is used to
calculate the spatial derivatives at interior points of the computational grid, due its
low dispersion and dissipation properties. The scheme is given by
1 0
1 0
7 fi−1 − fi−1
1 fi+2 − fi−2
fi−1 + fi0 + fi+1
=
+
3
3
9
h
36
h

(2.24)

with f 0 being the first spatial derivative of f along one of the computational coordinates (i.e. ξ,η,ζ) and h being the grid spacing in the computational domain. It must
be noted that the grid is uniform in the computational space and h = 1. Near the
boundaries the stencil of the scheme would extend outside the computational domain.
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Hence, the order of the scheme is reduced to the 4th on the points next to the boundaries, while for the points on the boundaries the 3rd-order one-sided compact scheme
is used. The 4th-order centered compact finite differencing scheme and the 3rd-order
one-sided compact scheme are given by Eqs. 2.25 and 2.26 (Lele, 1992), respectively
1
3 f3 − f1
1 0
f1 + f20 + f30 =
4
4
4 h
f10 + 2f20 =

1 −5f1 + 4f2 + f3
2
h

(2.25)
(2.26)

Note that the last two equations are for the second and the first point on the grid,
respectively. Analogous formulations are used for the opposite end of each grid line,
namely at points N − 1 and N .
The time advancement of the solution is performed using the standard fourthorder Runge-Kutta scheme.

2.2.2

Spatial filters

The unresolved scales, mesh non-uniformities and the numerical schemes for the
boundary conditions can create high wavenumber instabilities that can be suppressed
using spatial filters (Gaitonde & Visbal, 2000; Koutsavdis et al., 2000). In the present
formulation the implicit tridiagonal central filtering schemes by Gaitonde and Visbal
(2000) are used for the internal points
αf f˘i−1 + f˘i + αf f˘i+1 =

N
X
an
n=0

2

(fi+n + fi−n )

(2.27)

where f˘ is a filtered conservative variable and f is the corresponding unfiltered variable. The parameter αf determines the intensity of the damping. The typical value
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range is αf ∈ [−0.5, 0.5], where the higher values are used to damp fewer modes. The
coefficients an , provided by Gaitonde and Visbal (2000) and reported for simplicity
in Table 2.1, determine the order of the scheme.
Table 2.1. Implicit tridiagonal centered spatial filter coefficients
Filter order

a0

a1

4

5
8

+

3αf
4

1
2

6

11
16

+

5αf
8

15
32

+ αf
+

17αf
16

a2

a3

− 81 +

αf
4

3
− 16
+

3αf
8

0
1
32

−

αf
16

The 6th-order centered filters are used for the interior points, except where flow
discontinuities (e.g. shocks) are detected. The 6th-order one-sided-biased filters are
applied on the points close to the boundaries (Gaitonde & Visbal, 2000), while the
boundary points are left unfiltered. Eqs. 2.28 and 2.29 show the one-sided-biased
filter formulation for the second and the third point of grid (point one being on the
boundary), respectively
αf f˘1 + f˘2 + αf f˘3 =

7
X

an f n

(2.28)

an f n

(2.29)

n=1

αf f˘2 + f˘3 + αf f˘4 =

7
X
n=1

where the expression for the coefficients an are reported in Tables 2.2 and 2.3. Analogous expressions are used for the opposite end along each grid line for the points
N − 1 and N .
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Table 2.2. Tridiagonal one-sided-biased 6th-order spatial filter coefficients, a1 to a4
Location

a1

a2

a4

31αf
32

29
32

+

3αf
16

15
64

+

17αf
32

αf
32

3
32

+

13αf
16

49
64

+

15αf
32

Point 2

1
64

Point 3

1
− 64
+

+

a3

5
− 16
+
5
16

+

5αf
8

3αf
8

Table 2.3. Tridiagonal one-sided-biased 6th-order spatial filter coefficients, a5 to a7
Location
Point 2
Point 3

a5
15
64

−

a6

15αf
32

− 15
+
64

15αf
32

a7

3
− 32
+
3
32

−

3αf
16

3αf
16

1
64

−

αf
32

1
− 64
+

αf
32
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As described in section 2.1, the filtering activities are used as implicit sub-grid
scale model in the present ILES formulation. The results of Uzun (2003), Uzun et
al. (2006) and Aikens (2014) demonstrated the quality of the present ILES approach
comparing the results with the outcome obtained applying the dynamic-Smagorinsky
SGS model for the legacy and the present version of the LES code. Rizzetta et al.
(2003) tested and validated the ILES strategy on several canonical problems. Various
ILES methodologies are described in detail by Grinstein et al. (2007) in their book.
The spatial filtering is performed in the computational domain at the end of every
time step in all the spatial directions. In order to eliminate the biasing effect of the
filters, the sequence of the filtering direction is changed alternatively (Gaitonde et al.,
1997). In the present formulation the filtering parameter is set to αf = 0.47.

2.2.3

Shock capturing

The code can also resolve accurately supersonic flows with shock-waves thanks to
the use of a characteristic filter and a shock-detector (Lo et al., 2010, 2011). The
presence of shock discontinuity can lead the differentiation schemes and the spatial
filters to produce spurious oscillations in the solution. These oscillations are treated
by first detecting the shock region, then modifying the order of the filters in those
regions and applying characteristic filter.
The shock-detector described by Ducros et al. (1999), given by

Ωi =

(∇· u)2
pi+1 − 2pi + pi−1
>σ
pi+1 + 2pi + pi−1 (∇· u)2 + |∇ × u|2 + 10−30

(2.30)
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is used to identify the shock points, with the threshold parameter set to σ = 10−3 in
the present formulation. A buffer zone that surrounds the shock is then generated.
The extent of this region is two grid points before and two after the shock. In the
present formulation, the spatial filters are reduced to the fourth order (see Table 2.1)
at the points right outside the buffer zone, the filters are turned off for all the points
located inside the buffer zone, where the characteristic filter is applied. A fifth-order
weighted essentially non-oscillatory (WENO) filter based on the method introduced
by D. Kim and Kwon (2004) is used. The characteristic filter is applied as
n+1
Qn+1
− ∆tLf
ch.f. = Q

(2.31)

where Qn+1 is the solution after the time integration and Qn+1
ch.f. is the filtered solution.
Lf is the characteristic filter function and is given by
Lf |i,j,k =

1
1
(F̃i+1/2,j,k − F̃i−1/2,j,k ) +
(G̃i,j+1/2,k − G̃i,j−1/2,k )
∆ξ
∆η

(2.32)

1
+
(H̃i,j,k+1/2 − H̃i,j,k−1/2 )
∆ζ
where F̃, G̃ and H̃ are the filter numerical fluxes. The indices i, j, k refer to the
computational domain coordinates ξ, η, ζ respectively. Furthermore, since the grid is
uniform in the computational space ∆ξ = ∆η = ∆ζ = 1.
The numerical filter fluxes are estimated as

(F̃i+1/2,j,k ) = Ri+1/2 (Φi+1/2 )

(2.33)

where Φ is the dissipation term and R is the right eigenvector matrix computed using
Roe averages (Roe, 1981).
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The approach used by D. Kim and Kwon (2004) is based on defining the flux
splitting of the WENO method as a combination of a central flux and a numerical
dissipation term. In the present formulation the local Lax-Friedrich’s method is used
to split the positive and negative fluxes and then the WENO is used to interpolate
them and generate the flux as
1 −1
1 −1
−1
−1
F + ΛLLF Ri+1/2
Q)W EN O + (Ri+1/2
F − ΛLLF Ri+1/2
Q)W EN O (2.34)
fi+1/2 = (Ri+1/2
2
2
where the subscript “WENO” defines the terms interpolated using the WENO method.
The first part of the local Lax-Friedrich’s splitting identifies the center flux and the
second part identifies the dissipation term. Hence, the dissipation can be calculated
as
1
1
−1
−1
Q)W EN O + (−ΛLLF Ri+1/2
Q)W EN O
(Φi+1/2 ) = (ΛLLF Ri+1/2
2
2

(2.35)

Since the WENO interpolation is not linear, the two terms differ and do not typically
cancel out. For a more detailed description of the characteristic filter see Aikens
(2014).

2.2.4

SPIKE solver and parallelization

In order to solve the large tridiagonal systems of equations arising from the filtering process and the spatial differentiation schemes a truncated SPIKE algorithm by
Polizzi and Sameh (2006) is employed. The diagonally dominant system of equations

Ax = f

(2.36)
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is first partitioned and then the matrix A is decomposed into a block diagonal matrix
D and the so called spike matrix S, namely
A = DS

(2.37)

S = D−1 A

(2.38)

where the matrix S given by

has spikes (thus the characteristic name) that start from the main diagonal and extend
to the partition boundaries. Thus, the original system of equations can be rewritten
as
Sx = g

(2.39)

g = D−1 f

(2.40)

where

can be obtained with perfect parallelism. The solution of Eq. 2.39 can be simplified
noticing that the magnitude of terms on the spikes decay exponentially as they are located farther away from the main diagonal. This property allows neglecting the terms
on the spikes in order to achieve a simpler system of equations, that is block diagonal
and can be solved with perfect parallelism. Additional detail of the implementation
can be found in references (Situ et al., 2013, 2014).
The parallelization of the code is based on a superblock-based approach. The
superblocks are not overlapping and only one boundary condition is specified on each
of their 6 faces. Every superblock is partitioned in smaller blocks, each mapped to
a specific core during the computations. This multi-block approach allows having a

37
fixed number of output files, independent on the number of cores used, and to have an
efficient parallel I/O procedure, through the use of the parallel HDF5 libraries (TheHDF-Group, 1997-2018). The standard message passage interface (MPI) is used to
handle the communication among the blocks/cores. A detailed description can be
found in Martha (2013).

2.2.5

Centerline treatments

The solver handles both structured grids based on Cartesian and cylindrical coordinates and, also, the simulations can be performed on domains with and without
the nozzle geometry. In order to use cylindrical coordinates specific treatments are
needed to avoid the centerline singularity and the time-step restriction due to the
small spacing, in the azimuthal direction, near the centerline. The treatment proposed by Mohseni and Colonius (2000) is used along the radial direction in order
to avoid the centerline singularity. The first grid points, in the radial direction, are
shifted away from the centerline by half of the radial cell size (∆r), so that the minimum radial location is a finite value that differs from zero (r 6= 0). Furthermore,
the filtering activities and the differencing schemes are performed on a transformed
radial coordinate that goes across the centerline from side to side of the superblock.
Hence, there is no need to use any one-sided or low-order schemes near the centerline.
The method proposed by Bogey et al. (2011) is used along the azimuthal direction to
avoid the time-step restriction due to the small spacing near the centerline. On the
grid azimuthal rings near the centerline, the differentiation scheme and the filtering
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activities are performed on a grid coarser than the actual grid. The reduced resolution of the grid is obtained performing the calculations only for some of the grid
points, while skipping a specific number of points on each ring. The final effect is
like having a coarser grid and a larger spacing in the azimuthal direction. Hence, the
relative time-step needed to satisfy a specific Courant-Friedrichs-Lewy (CFL) number
condition can be increased with a great advantage on the simulation computational
costs. A more detailed description of the centerline treatments can be found in Aikens
(2014).

2.3

Boundary Conditions

The solver can use different boundary conditions, the most relevant are:
characteristic-based inflow and outflow boundary conditions (J. Kim & Lee, 2000);
different viscous wall models (Aikens et al., 2015); a digital filter-based turbulent inflow boundary condition (Dhamankar et al., 2014, 2016b); far-field radiation boundary
condition (Tam & Dong, 1996; Bogey & Bailly, 2002); periodic boundary conditions
(Louis, 2011).
The digital filter turbulent inflow boundary condition generates space and time
correlated fluctuations that simulate typical turbulent flows. In the present research
this boundary condition is used in order to generate a turbulent boundary layer, by
limiting the application of the fluctuations in the nozzle boundary layer region only.
It is important to note that the periodic boundary conditions used for the cylindrical domains, along the azimuthal direction, are defined in such way that the filters
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and the finite difference schemes span across the periodic boundary. In this way, the
flow information can pass from one side to the other of the periodic boundary without
being altered. Namely, the boundaries are treated as any other portion of the interior
domain.
In the present formulation, the mean inflow for the digital filter-based turbulent
inflow is first extracted (at the location of the LES inflow boundary) from the results
of 3D RANS simulations and then non-dimensionalized and imposed in the LES
boundary condition. In the simulations performed and presented here, the RANS are
performed using ANSYS-Fluent, in particular using the density-based solver combined
with the k-ω Shear Stress Transport turbulence model.
The LES solver can also employ the Immersed Boundary Method (IBM)
(Dhamankar et al., 2015; Dhamankar, 2016) that allows non-body conforming grids to
be use to perform the numerical analysis. This method allows one to study different
complex designs using the same body-conforming grid for the baseline case. In this
way it is much easier to compare the different designs since the grid used is the same.
The latest version of the solver includes also a new boundary condition to simulate
injectors blowing air into the diverging section of the nozzle (Coderoni et al., 2017).
The solver requires one single boundary condition on each face of the superblocks.
This means that two neighboring superblocks must have the same extent on the
face they are communicating through. Hence, adding small superblocks representing
geometries such as injectors into the domain is not possible with the current version
of the code. This is because the interface at the injector exit would not extend as the
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neighboring superblock. Therefore, a different approach is used with the intent to
simplify the implementation. Instead of having the entire geometry of the injectors
and calculating a solution for the injectors grid points, only the injector exit conditions
are accounted. This is done by imposing the conditions on the boundary points that
are part of the nozzle internal wall, where the injectors are located. In the present
approach, the wall model is used for the nozzle internal wall points, hence, at the
injector locations the wall model is turned off and a constant inflow from the injector
is applied, bypassing the limit of one single boundary condition per face of superblock.
The injector exit quantities are extracted from the RANS results, as also done for the
digital filter-base turbulent inflow. The choice of using a constant inflow is based on
the fact that the variables used are the outcome of an averaged solution (RANS) and
the injectors diameter is only a small fraction (less than 6% for the present analysis)
of the nozzle diameter. The boundary conditions at the injector exits do not generate
spurious waves and do not lead to numerical instability. Figure 2.1 illustrates a
sketch of the injectors exit location for a round nozzle geometry. The RANS results
interpolated onto a relatively coarse LES grid are shown through the dimensional
pressure contours.
More recently, the capability of using a multifaceted geometry on a cylindrical
grid topology has been implemented (Coderoni et al., 2018b). The digital filter-based
turbulent inflow boundary condition was modified in order to properly distribute the
Reynolds stresses on the non-round geometry while using a cylindrical mesh topology.
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(a) Sketch of the injectors location

(b) Injector 1 (upstream)

(c) Injector 2 (downstream)

Figure 2.1. Illustration of the boundary conditions to simulate the
injectors. The LES grid points and dimensional pressure contours
extracted from the RANS are shown along azimuthal strips of the
nozzle internal wall.
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2.4

Initial Conditions

The most recent version of the LES code has been modified in the present research in order to set up the initial condition using external data sets. Since a RANS
simulation is needed to better understand the physics of the cases in analysis and
properly set up the boundary conditions for the LES (i.e. the digital filter-based
turbulent inflow and the fluidic injectors boundary condition), it has been chosen to
take advantage of the RANS solution and use it to impose an initial condition. The
3D RANS results are linearly interpolated onto the LES grid using the interpolation
feature in Tecplot (see Figure 2.2). Then the data is saved and pre-processed to convert the dimensional variables of the RANS into primitive non-dimensional variables.
The data are then stored in n files, where n is the number of the grid superblocks.
This approach leads to a smoother transient period especially when analyzing the
cases with fluidic injection. Indeed, in these cases the shock structures forming inside
the nozzle cannot be easily described by analytical or empirical formulas. The use
of the RANS solution as initial condition showed the potential to avoid any possible
instability arising during the startup of the simulation thanks to a smooth transition
of the steady solution (RANS) into the unsteady one (LES). Since the RANS results
include the appropriate flow characteristics (e.g. shock waves for supersonic flow),
the LES converges much faster than starting with an arbitrary (e.g. uniform flow)
initial condition.
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(a) RANS solution

(b) LES initial condition

(c) RANS solution - close up

(d) LES initial condition - close up

Figure 2.2. Example of the interpolation of the RANS solution onto
the LES grid to generate the initial condition. The case shown here
is for the round nozzle with fluidic injection. The Mach contours are
shown in the z = 0 plane. The axis x and y are dimensional and the
units are in meters.
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2.5

Far-field Acoustics

In the last decades LES have been combined with surface integral aeroacoustics
methods (Lyrintzis, 2003), in order to perform computational aeroacoustics analyses.
LES is used to analyze the near-field and then the Kirchhoff (Lyrintzis, 1994; Lyrintzis
& Mankbadi, 1996) or the Ffowcs Williams-Hawkings (FWH) method (Ffowcs Williams
& Hawkings, 1969; di Francescantonio, 1997; Brentner & Farassat, 1998) is used to
compute the far-field acoustics.
The use of the porous FWH method (di Francescantonio, 1997) has become common for jet noise analysis. This method is less sensitive to the location of the integration surface than the Kirchhoff method, specially if the surface is placed in the
non-linear regions. Moreover, the Kirchhoff method is based on the linear wave equation, while the porous FWH formulation is based on the fluid-dynamics conservation
laws. Brentner and Farassat (1998) demonstrated that the FWH and the Kirchhoff
method are equivalent when the integration surface is placed in the linear region.
Furthermore, Uzun et al. (2004) made a comparison of the FWH and the Kirchhoff
method coupling them with LES data. They found that the there is no difference in
the results for typical LES grids.
In the present approach the porous Ffowcs Williams-Hawkings method is used, to
extend the LES results from the near-field to the far-field, in its formulation for zero
free-stream velocity and it is combined with the end cap method by Ikeda et al. (2013,
2017). Ikeda’s approach includes adding a quadrupole surface integral on the end cap,
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obtained under the assumption of frozen turbulence, to include an approximate effect
of the quadrupole distribution and to improve the acoustic results.

2.5.1

Ffowcs Williams-Hawkings Method

The pressure fluctuation is defined as the sum of three different contributes: thickness noise, loading noise and quadrupole noise. The pressure fluctuation is calculated
as:
p0 (x, t) = p0T (x, t) + p0L (x, t) + p0Q (x, t)

(2.41)

The thickness noise and the loading noise are defined as the following
#
Z "
ρ∞ U̇n
0
dS
4πpT (x, t) =
r
S

(2.42)

ret

4πp0L (x, t)

1
=
c∞

Z "
S

L̇r
r

#

Z 
dS +
ret

S

Lr
r2


dS

(2.43)

ret

where the terms inside the integrals are
Ui =

ρui
ρ∞

Li = (p − p∞ )δij nj + ρui un

(2.44)
(2.45)

The dotted variables indicate the time derivatives. The subscripts n and r define the
dot product of the vector with respect to the unit normal (n) or radial vector (r),
respectively. The n vector points outward the surface and it is normal to it, while the
radial vector is oriented along the line that connects the observer with the location on
the surface and the distance between the two points defines the radial length r. The
subscript i and j describe the vector components and the subscript ∞ represents the
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ambient values. All the integrands are evaluated at the retarded (or emission) time,
τ = t − r/c∞ , on an acoustic data surface (ADS).
The quadrupole noise, p0Q (x, t), is associated to a volume integral outside the ADS
and it is typically neglected for jet noise analysis. This approximation is valid under
the assumption of having an ADS surrounding the jet that encloses all the noise
sources. Under the assumption that there are no acoustic sources outside the ADS, it
makes sense to neglect their contribution. Also, evaluating their contribution would
be very time and memory intensive. Further details on the algorithm can be found
in Martha (2013).

2.5.2

End Cap Treatment

The use of an end cap at the downstream end of the ADS for jet noise applications
is still an open question (Bodony & Lele, 2008). Because the flow-field, there, is nonlinear as the jet propagates downstream, different approaches have been used in the
past years such as: no end cap, using an end cap, average the solution over multiple
end caps and other methodologies. Each approach has its own pro and cons. If the
end cap is not used, there is a loss of information from the sources located downstream
near the jet axis and spurious low frequency noise is added to the spectra (Shur et al.,
2005; Mendez et al., 2013). Shur et al. (2005) found that the no-end-cap approach
does not predict noise cancellation at low frequency. On the other hand, including
the end cap avoids the low frequency spurious noise, but leads to an artificial non-zero
contribution that increases the noise levels at most angles. The presence of eddies
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convecting through the end cap is not taken into account when the quadrupole term of
the FWH formulation is neglected. This is what generates the artificial noise. Special
treatments for the end cap have been proposed to reduce the impact of the spurious
noise and improve the acoustic results. One suggestion is averaging the solution over
multiple end caps to reduce the impact on the acoustics of a vortex locally crossing one
of the end caps (Shur et al., 2005; Mendez et al., 2013). Another method suggested
by Ikeda et al. (2013, 2017) is based on including a quadrupole surface integral on the
end cap, obtained under the assumption of frozen turbulence, to take into account
an approximate effect of the quadrupole distribution. Aikens (2014) analyzed and
compared the effect of averaging the solution over multiple end caps and the end
cap method by Ikeda et al. (2013, 2017). Both the approaches remove the artificial
noise introduced by the end cap, but the Ikeda’s method is found to be less empirical,
less sensitive to the location of the end cap surface, and more efficient in terms of
computational costs.
In the present formulation the FWH is combined with the Ikeda’s approach to
improve the acoustic results. The approximated quadrupole noise term is now nonzero and defined as (Ikeda et al., 2013)
1
p0Q (~x, t) =
4πc2∞

Z "
S

1
Ṫi j r̂i r̂j
d
|1 − Mr | |1 − Mr |2

#




~ c · n̂ dS
U

(2.46)

ret

~ c is the eddy convection velocity and the
where c∞ is the ambient speed of sound, U
~ d · r̂)/c∞ and Mr = −(U
~ ∞ · r̂)/c∞ .
Mach numbers Mrd and Mr are defined as Mrd = (U
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~d = U
~c − U
~ ∞ is the deficit velocity, U
~ ∞ is the
Here, r̂ is the radial unit vector, U
free-stream velocity and
Ṫij =



∂ 
ρ(ui − Ui )(uj − Uj ) + (p − p∞) − c2∞ (ρ − ρ∞ ) δij
∂t

(2.47)

In the present analysis the take-off operating conditions are taken into account,
hence, the free-stream velocity is set equal to zero. This leads to a simplified form of
eq. 2.46:
1
p0Q (~x, t) =
4πc2∞

Z "
S

Ṫi j r̂i r̂j
~ c · r̂/c∞ |2 check
r|1 − U

#




~
Uc · n̂ dS

(2.48)

ret

Further details on the use of the end cap treatment in the LES solver can be found
in Aikens (2014).

2.5.3

Line of Sight Method

In the acoustic analysis reported in the present dissertation, the cut-off frequency
due to the grid spacing is estimated using the line-of-sight (LOS) method suggested
by Aikens (2014). The maximum resolved frequency of the acoustic data is not given
by the temporal sampling but is limited by the local grid spacing where the acoustic
data surfaces (ADS) for the FWH method are located. The LOS approach gives a
reasonable prediction of the cut-off frequency due to the grid for different observer
angles (Aikens, 2014).
The method assumes that the noise source is located at the end of the potential
core. The line connecting the source with the observer is defined as the line-ofsight. This eventually intersects with the ADS at a specific point (see Figure 2.3).
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Figure 2.3. View of local grid where plane wave crosses the ADS. The
definition of ∆||1 and ∆||2 are used in Eq. 2.50. Figure adapted from
Aikens (2014).
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The largest grid spacing around that point is what determines the grid cut-off. In
particular the maximum spacing is defined as

∆ = max(∆||1 , ∆||2 )

(2.49)

where the ”effective” spacings are the projection of the cell edges length along the
direction of the LOS. Namely,

∆||1 =

∆x
cos φ,
Rj

and

∆||2 =

∆r
sin φ
Rj

(2.50)

where φ is defined in Figure 2.3. It must be noted that the azimuthal spacing does
not influence the grid cut-off (Aikens, 2014), thus, only the axial and radial direction
are considered.
The cut-off frequency is then calculated as

Stmax

2
≈
N ∆Md

s

T∞
Tj

(2.51)

where N is the number of points per wavelength (N = 8 in present approach) required
by the numerical scheme to resolve a given wave, Md is the jet design Mach number,
and Tj and T∞ are the jet and the ambient temperature respectively. Further details
on the method can be found in Aikens (2014).
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3. Aerodynamics and Aeroacoustics of an Unheated Over-expanded Jet
with fluidic injection

This chapter describes the numerical analysis performed for a nozzle geometry based
on the General Electric engine of the F404 family. This engine is typically used
on the F/A-18 multi-role combat jet and is planned to be used in future on the
Quiet Supersonic Technology (QueSST) X-plane design for supersonic flight program
partnered by NASA and Lockheed Martin. The choice of using this particular engine
nozzle is made in order to mimic the set up used in the experimental analysis of
the fluidic injection design performed at the Pennsylvania State University (Powers
et al., 2016) on a smaller scale of the original geometry. In this chapter, the nozzle
operates in supersonic unheated over-expanded jet conditions. The choice of using the
unheated operating condition for the jet is made in order to have more experimental
data (especially flow-field data that are not available for the heated jet case) to
validate the numerical methodology. Lastly, an analysis of the effect of the fluidic
injection on the thrust of generated is done to analyze the effect of this design on the
propulsive system performance.
The simulations settings are described for RANS and LES, including operating
conditions and grids. Then, the preliminary analysis using RANS is shown comparing the baseline case with the nozzle with injectors. Also, a comparison between a
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round and a multifaceted nozzle geometry is presented. After the RANS analysis, the
study is completed showing the LES and acoustic results. The LES/CAA analysis
is first focused on the nozzle without injectors in order to have a properly defined
baseline case to compare with. Then the injectors are turned on and the results of
the simulation are compared with the baseline case to get a better understanding of
the noise generation/reduction mechanisms.

3.1

Simulations Settings

Figure 3.1 shows a sketch of the nozzle with and without injectors. The injectors
blow air into the divergent section of the nozzle. Two injectors are placed one after
the other along the same azimuthal location forming what we call a line of injectors.
In total, there are three pairs of injectors equally spaced in the azimuthal direction,
namely every 120◦ . The first injector on the line blows air at and angle of 45◦ with
respect to the jet axis, while the second injector on the line is oriented at 90◦ .
The simulations are performed on a round and a multifaceted nozzle. The multifaceted geometry follows the real engine geometry used in the experiments (Powers et
al., 2016) and is defined by a sequence of long and short straight edges (more details
on the supersonic nozzles can be found in Kuo (2010) and Kuo et al. (2012)). The
round nozzle is a simplification of the original geometry. An equivalent nozzle exit
diameter is used to maintain the same exit area as the multifaceted configuration, in
order to have the same nozzle exit-to-throat area ratio. The comparison between the
two geometries is done to verify that the LES analysis can be simplified using a geom-
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(a) Baseline nozzle

(b) Nozzle with injectors

Figure 3.1. Sketch of the nozzle geometries: baseline nozzle on the left,
nozzle with fluidic injection on the right. Only the internal geometry
of the nozzle is shown.
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etry that follows a cylindrical topology without introducing substantial discrepancies
in the final results.
The CFD setup corresponds to the operating conditions used by Powers et al.
(2016) in order to make a direct comparison of numerical and experimental results.
These conditions are reported in Table 3.1, where: the nozzle pressure ratio (NPR)
defines the ratio between the total pressure at the nozzle inlet and the ambient total
pressure; the injector pressure ratio (IPR) is the ratio between the total pressure at
the injector inlet and the ambient total pressure; the total temperature ratio (TTR)
is the ratio between the total temperatures at the nozzle, or the injector, inlet and
the ambient.
Table 3.1. Simulation parameters
Parameter
Design Mach number

Value
1.65

Equivalent nozzle diameter

22.47 mm

Nozzle pressure ratio (NPR)

3

Total temperature ratio (TTR)

1

Acoustic Mach number

1.33

Injector/nozzle diameter ratio

0.059

Injector pressure ratio 1 (IPR1)

2.4

Injector pressure ratio 2 (IPR2)

3.7
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The LES simulations are expensive in terms of computational power and time.
Setting up properly the simulation parameters is one of the most important steps
to reduce the overall time of the computation. Thus, a set of RANS simulations is
done first to gather information and get a better understanding of the physics of the
problem with a reasonable turnaround time. The RANS results are used to set up the
LES grid, to determine the boundary layer thickness and the point clustering needed
in the viscous region, and to setup the mean value of the flow variables for the inflow
boundary conditions of the nozzle and injectors.
For both the RANS and the LES simulations, the grid generation is performed
using the software Pointwise. The RANS grids are chosen to be unstructured in order
to avoid specific problems at the injector exit when introducing the injector geometry.
Some structured cells are used on the boundaries to help achieve a good resolution
of the curved surfaces. The T-Rex feature in Pointwise has been used to generate
prisms in the boundary layer region and have a better resolution of that particular
region.

3.1.1

RANS Simulations

The RANS are performed using ANSYS FLUENT v16.2. The density based solver
is used because more appropriate for the analysis of compressible fluids. An implicit
method is used with the Advection Upstream Splitting Method (AUSM) as convective
flux type. It ”provides exact resolution of contact and shock discontinuities and it
is less susceptible to Carbuncle phenomena” (“ANSYS FLUENT Theory Guide”,
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2009). The SST k-ω model is used to model the turbulence. Each solution is obtained
following a two step approach:
1. Run a simulation using first order solvers until the residuals reach a normalized
value below 10−4
2. Impose the result as initial condition, run the simulation using second order
solvers until the residuals become flat and the mass flow rate matches between
the inlet and outlet section of the nozzle (the maximum percentage error for
the baseline case is 0.3% and for the fluidic injection case is 1.6%).
Tables 3.2 and 3.3 respectively, report the boundary conditions (BC) and the
operating conditions used. It must be noted that all the BC connected with the
injectors are applied only to the geometries used to simulate the fluidic injection. A
non-zero freestream Mach number (M = 0.1) is used to achieve a faster convergence
of the solution. The initial conditions are extracted from the farfield BC and the
initial axial velocity is set up to 200 m/s to help the solution to converge.
The RANS simulations are performed also to understand the main differences in
the flow-field generated by the round and multifaceted nozzle geometry. Furthermore,
in order to simplify the LES analysis the injectors are not directly resolved but simulated as a boundary condition. Therefore, we need to gather some informations about
the fluid exiting the injectors in order to set up the boundary condition properly.
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Table 3.2. Boundary Conditions - RANS
Location

BC

Nozzle inlet

Pressure inlet

Domain end

Pressure outlet

Nozzle internal wall

Viscous wall

Nozzle external wall

Inviscid wall

Outer lateral boundaries

Pressure farfield

Injectors plenum

Inviscid wall

Injectors tubes

Viscous wall

Injectors inlet

Pressure inlet
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Table 3.3. RANS - Operating conditions
Parameter

Magnitude

Nozzle inlet total pressure

305150 P a

Injector 1 total pressure

244120 P a

Injector 2 total pressure

376352 P a

Free stream pressure

101008 P a

Free stream Mach

0.1

Total temperature

298.08 K

Isentropic jet exit velocity

402.3 m/s

Turbulence intensity

5%

Viscosity Ratio

10
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Geometries and Grids

The different nozzle designs are shown in Figs. 3.2 and 3.3. The differences between
the round and the multifaceted nozzles are shown. The latter has an initial converging
section that is round shaped and then it transitions to the multifaceted geometry, i.e.
a combination of long and short straight edges. The pictures also show the portion
of the external wall (shroud) and the lips used in the simulations. In Figures 3.3(b)
and 3.3(d) the injectors locations and their geometries can be seen. It must be noted
that parts of the nozzles have different dimensions and shapes. This is because the
round geometry was generated based on the technical drawing of the nozzle and used
for the first part of the analysis. Later, we received the CAD model of nozzle from the
Pennsylvania State University group to analyze the multifaceted geometry. There we
noticed that the external wall geometry were different. However, as described later
in this section, the nozzle lips and external wall geometry have a very limited effect
on the flow-field results.
The grids used are shown in Figures 3.4 to 3.9. Only the most relevant aspects are
shown for sake of brevity. The number of cells of each grid are reported in Table 3.4.
For all the geometries the grid is refined inside the nozzle and in the potential core
region, in order to have an accurate resolution of the shock-cells. This feature can be
seen in Figures 3.4(a), 3.4(b), 3.5(a) and 3.5(b) for the baseline case on the round and
multifaceted geometry, respectively, and in Figures 3.7(a), 3.7(b), 3.8(a) and 3.8(b) for
the nozzle with injectors on the round and multifaceted geometry, respectively. The
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(a) Baseline round nozzle.

(c) Baseline multifaceted nozzle.

(b) Baseline round nozzle - no nozzle lips.

(d) Baseline multifaceted nozzle - no nozzle lips.

Figure 3.2. Baseline nozzle - Round and multifaceted geometries with
and without the external shroud and lips
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(a) Fluidic injection round nozzle.

(c) Fluidic injection multifaceted nozzle.

(b) Fluidic injection round nozzle - no nozzle lips.

(d) Fluidic injection multifaceted nozzle - no nozzle lips.

Figure 3.3. Fluidic injection nozzle - Round and multifaceted geometries with and without the external shroud and lips
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points are then clustered in the boundary layer region and along the shear layer (see
Figures 3.4(c), 3.4(d), 3.5(c), 3.5(d), 3.7(c) and 3.8(c)). Figures 3.6 and 3.9 present
a comparison of the grids used in the round and in the multifaceted geometry along
different X-planes, for the baseline nozzle and the nozzle with injectors, respectively,
in order to show the geometry variation of the internal walls of the nozzle and the
relative mesh distribution for the round and the multifaceted nozzle. It must be
noted that the actual nozzle geometry has a transition from round to multifaceted.
The transition happens exactly where the converging section becomes steeper. For
the fluidic injection case the grids used in the injectors are shown on a plane cutting
through the injectors (see Figures 3.7(d), 3.7(e), 3.8(d) and 3.8(e)). The injectors are
modeled as combination of two different cylindrical sections. The larger one, at the
top, is the plenum where the pressure is defined. Below it there is a thinner tube that
connects the plenum area of the injectors to the nozzle. Here, the points are clustered
on the wall to get a more accurate boundary layer to simulate a better flow condition
at the injector exit. A particular treatment was required for the injectors. Because
of the sharp angles on the connection points between the nozzle and the injectors, it
is difficult to generate properly a clustered mesh inside the boundary layer in those
regions. For the multifaceted geometry it was possible to close the injector tubes with
a flat interface between their exits and the nozzle. It occurs because each facet is flat.
The boundary layer clustering was not performed in the injector plenum since each
is modeled as inviscid wall.
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The multifaceted geometry required some grid modifications in order to obtain
a non-diverging solution. The boundary layer clustering was expanded beyond the
boundary layer thickness to help the solution to converge. The original nozzle geometry provided by Pennsylvania State University, used in Powers et al. (2016), has
a step between the round and the multifaceted part of the convergent section of the
nozzle. The step creates a discontinuous geometry and it was not clear how that
would have affected the flow, hence a comparison with a smoothed geometry was also
performed. The difference between the original and smoothed geometry can be seen
in Figs. 3.5(c) and 3.5(d).
It must be emphasized that the magnitude of the nozzle lips does not affect the
flow because they are modeled as inviscid walls. This has been tested comparing
axisymmetric RANS results obtained using different nozzle lip shapes.
Table 3.4. Grids dimension - RANS
Study case

Number of cells (Millions)

Baseline round

18.6

Baseline multifaceted

15.4

Baseline multifaceted smoothed

14.2

Fluidic injection round

12.7

Fluidic injection faceted

23.8
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(a) Full domain.

(c) Close up on the nozzle.

(b) Close up in the mixing region.

(d) Boundary layer clustering.

Figure 3.4. Baseline round nozzle grid in the Z = 0 plane. The X
and Y axes are dimensional and their units are meters.
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(a) Full domain.

(c) Close up on the nozzle with step.

(b) Close up on the mixing region.

(d) Close up on the nozzle - Smoothed connection.

Figure 3.5. Baseline multifaceted nozzle grid in the Z = 0 plane. The
X and Y axes are dimensional and their units are meters.
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(a) Round nozzle X=-0.03m.

(b) Round nozzle X=-0.005m.

(c) Multifaceted nozzle X=-0.03m.

(d) Multifaceted nozzle X=-0.005m.

Figure 3.6. Baseline round and multifaceted nozzle grid in different X
planes. The Y and Z axes are dimensional and their units are meters.
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(a) Full domain.

(b) Close up in the mixing region.

(c) Close up on the nozzle.

(d) First Injector.

(e) Second Injector.

Figure 3.7. Fluidic injection, round nozzle grid in the Z = 0 plane.
The X and Y axes are dimensional and their units are meters.
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(a) Full domain.

(b) Close up on the mixing region.

(c) Close up on the nozzle.

(d) First Injector.

(e) Second Injector.

Figure 3.8. Fluidic injection, multifaceted nozzle grid in the Z = 0
plane. The X and Y axes are dimensional and their units are meters.
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(a) Round nozzle X=-0.03m.

(b) Round nozzle X=-0.005m.

(c) Multifaceted nozzle X=-0.03m.

(d) Multifaceted nozzle X=-0.005m.

Figure 3.9. Fluidic injection, round and multifaceted nozzle grid in
different X planes. The Y and Z axes are dimensional and their units
are meters.
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Assuming the RANS simulations run continuously 24 hours per day, they would
take about 3 − 5 days using 180 cores on the Vega cluster at Embry-Riddle Aeronautical University (that uses 36-core Intel E5-2697 v4 processors).

3.1.2

LES Simulations

The LES are performed using the code described in section 2.2. The simulation
parameters are obtained from the experiment and RANS settings, and are adapted
to the inputs required for the LES code. The reference values are obtained using the
isentropic relations based on the design Mach number. The simulation parameters
are defined in Table 3.5. Here pj and Tj are, respectively, the reference jet exit
pressure and temperature. The settings for the coarse grids for round and multifaceted
geometries are the same. Also, for all the cases ∆t has been chosen in order to have
a CFL number less than one. In order to achieve that, we use 5 coarsening levels
in the azimuthal point skipping method (Bogey et al., 2011) for the fine grid and 4
coarsening levels for the coarse grid.
The boundary conditions applied for the LES are described in Table 3.6. The
injectors are applied for the fluidic injection case and they basically turn off the wallmodel BC at those specific points on the nozzle wall. Before the end of the domain, a
sponge zone is applied to suppress oscillations before they reach the outflow boundary
in order to avoid spurious reflections from that boundary. The grid is interrupted
along the azimuthal direction, i.e. the first and last point of the grid are not directly
connected. Here, a periodic boundary condition is applied at the two boundaries.

71

Table 3.5. LES - simulation parameters
Parameter
Design Mach number
Reynolds number (based on jet radius)

Magnitude
1.65
361948

pj /p∞

0.655184

Tj /T∞

0.6474587

Tj

192.99 K

∆t∗ (coarse grid)
∆t∗ (fine grid)

4 ∗ 10−3 Rj∗ /Uj∗
2.5 ∗ 10−3 Rj∗ /Uj∗
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The grid boundary that surrounds the centerline is not a common boundary. This
is because the information is shared across the centerline following the centerline
treatment (see section 2.2).
Table 3.6. LES - Boundary Conditions
Location

Boundary Conditions

Nozzle inlet

Digital filter generated turbulent inflow

Domain end

Tam and Dong outflow

Nozzle internal wall

Wall model

Nozzle external wall

No-slip isothermal hard wall (resolved)

Outer lateral boundaries
Injectors exit

Dong radiation
Steady inflow

Grids

In the analysis of the unheated jet we perform the LES for the baseline case on
three different grids, a fine and a coarse grid for the round nozzle geometry and a
coarse grid for the multifaceted geometry. The analysis for the nozzle with fluidic
injection is limited to the coarse grid for the round nozzle. A list of the simulations
performed is reported in table 3.7.
Each grid for the LES is made by five, so called, superblocks combined together
that are not overlapping. The mesh is structured and is based on cylindrical coordi-
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Table 3.7. Numerical simulations
Case

Nozzle Geometry

Mesh

Characteristic filter

Baseline

Multifaceted

Coarse

2 times

Baseline

Round

Coarse

2 times

Baseline

Round

Coarse

4 times

Baseline

Round

Fine

4 times

Fluidic injection

Round

Coarse

2 times
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nates. As mentioned in section 2.2, the grid does not have points along the centerline
in order to avoid the geometric singularity. The grids used for the baseline and the
fluidic injection cases are the same and were generated using the software Pointwise. The LES grid is clustered in the boundary layer region and along the shear
layer region. Inside the nozzle a wall model is used, hence at least a y + > 30 is
required. In the present approach we follow the suggestion of Kawai and Larsson
(2012) that equilibrium wall models should be used in the more conservative range
50 < y + < 0.1δ + .This helps reduce the final number of points for the grid and most
importantly allows us to use larger time-steps. From the RANS results the boundary
layer thickness at the inlet of the LES grid is estimated. The boundary layer thickness
along the wall normal direction is δ99 = 0.189Rj (where Rj is the nozzle exit radius).
A value of δ99 = 0.255Rj along the vertical direction is used in the code to take into
account the angle that the inlet plane has with respect to the converging section wall.
For the fine grid, the spacing along the radial direction, near the wall, of the
fine grid for the round nozzle is 0.0040Rj (y + = 51) in order to have an adequate
trade-off between the resolution in the boundary layer and the computational cost.
The first 26 points have equal spacing along the radial direction to be sure that at
least 19 points are in the log region and more than 40 points are placed inside the
boundary layer. Once the radial spacing is set the axial and the azimuthal spacing are
defined. Aikens (2014) suggests using cells with an aspect ratio less than 3.5 inside
the boundary layer, to avoid instabilities. Hence, maximum spacings of 0.0086Rj and
0.0120Rj are used along the axial and azimuthal directions, respectively, inside the
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boundary layer. Each superblock has 512 points equally spaced along the azimuthal
direction. The grid generated is kept smooth by limiting the length ratio along the
i and j directions (namely the axial and radial directions). Furthermore, the aspect
ratios of the cells far from the nozzle are limited by using an appropriate number
of points and adjusting the point distribution without reducing the smoothness of
the grid. The average grid stretching is about 0.7% in the axial direction and 1.5%
in the radial direction. The spacing is uniform along the azimuthal direction. The
value of the average aspect ratio is about 4. The higher values are limited to regions
far from the nozzle and the mixing region. The overall number of points in the
three-dimensional fine grid is about 130 million.
The coarse grid for the round nozzle is extracted from the 130 million point grid
and coarsened along the three directions using the same coarsening factor to obtain
a total of 21 million points. In this case, the spacing along the radial direction, near
the wall, is chosen to be 0.0070Rj (y + = 90). The first 16 points near the wall have
equal spacing along the radial direction to be sure that at least 10 points are in the
log region and a total of 25 points are placed inside the boundary layer. In order
to avoid instabilities, maximum spacings of 0.0160Rj and 0.0220Rj are used along
the axial and azimuthal directions, respectively, inside the boundary layer. Each
superblock has 288 points equally spaced along the azimuthal direction. The average
grid stretching is about 1% in the axial direction and 3% in the radial direction. The
spacing is uniform along the azimuthal direction.

y

76

x
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(a) Full domain

-1

-2
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x

4
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(b) Near the nozzle

Figure 3.10. LES grids for the round geometry: top half - 21 million
points; bottom half - 130 million points. The figures show every fourth
point of the grids along the azimuthal plane φ = 0◦ . The x and y axes
are non-dimensionalized with respect to the jet exit radius.
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In Figure 3.10 a slice of the 3D grids along the azimuthal position φ = 0◦ is shown.
The grids dimensions are non-dimensionalized with respect to the jet exit radius. The
top half shows the coarse grid, while the fine grid is shown in the bottom half.

0.5

0.5

0

0

y

1

y

1

-0.5

-0.5

-1

-1
-1

-0.5

0

0.5

z

1

-1

-0.5

(a)

0

z

0.5

(b)

1

y

0.5

0

-0.5

-1
-1

-0.5

0

z

0.5

1

(c)

Figure 3.11. LES grids: a) coarse grid round; b) coarse grid multifaceted; c) fine grid round. The figures show every other point of
the grids along the nozzle exit plane x = 0. The y and z axes are
non-dimensionalized with respect to the jet exit radius.
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The third grid used is the one for the multifaceted nozzle geometry, i.e. the original
geometry used in the experiment. The nozzle geometry is a sequence of short and
long straight sides. The grid is based on the coarse grid for the round geometry; only
the diverging section of the nozzle and a small region right downstream of the nozzle
are modified to follow the new geometry. The properties of the grid are the same as
the coarse grid for the round nozzle. Figure 3.11 shows every other point of the three
grids at the nozzle exit plane. It can be clearly seen from the figure that the difference
in the nozzle wall geometry between the two round cases and the multifaceted nozzle
is very limited.

Acoustics settings

The acoustic analysis of the baseline jet and the jet with fluidic injection is done
using the FWH method (see section 2.2). Four acoustic data surfaces (ADS) are used
in the present analysis as shown in Figure 3.12. Surfaces number one and four follow
the grid shape along the sides surrounding the jet, with one being tight and four
being loose. The other two surfaces (numbers two and three) are telescopic surfaces
and fall in between the other two surfaces. All the surfaces have an end cap located
near the beginning of the sponge zone region.
The acoustic data are sampled on the ADS every 25 iterations when using the
coarse grids and every 40 iterations when using the finer grid. This means that the
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Figure 3.12. Acoustic data surfaces for the FWH method with instantaneous vorticity magnitude, |~ω ∗ |Rj∗ /Uj∗ , contours. Surfaces order: 1
(red), 2 (orange), 3 (green), 4 (blue). The X and Y axes are nondimensionalized with respect to the jet exit radius.
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time between each sample is ∆ts = ∆t∗s Rj∗ /Uj∗ = 0.1. Hence, the maximum Strouhal
number achievable, through time sampling, is
Stmax =

1
= 10
∆ts

(3.1)

It is important to note that the Strouhal number is based on the jet diameter, while
the parameters of the LES are non-dimensionalized based on the jet radius. The
description of the maximum Strouhal due to the grid resolution will be discussed in
subsection 3.3.1
The data are collected for a non-dimensional period of T = T ∗ Rj∗ /Uj∗ = 1340.
Therefore, the minimum frequency that can be solved is
Stmin =

2
' 0.0015
T

(3.2)

In his study Mendez et al. (2009) suggests that, in order to have adequate resolution of a specific frequency, at least 10 waves must be present in the record. Following
this direction we assume that the minimum well resolved Strouhal number is 0.015. It
must be noted that once the acoustic data are collected the pressure history length is
shorter than the original record on the ADS. This is because the sound waves have to
cover the distance from the ADS to the observer locations. The effective well resolved
frequency is then slightly larger than the one estimated (St = 0.016).
The LES code run typically for 162, 000 time-steps for the transient calculations
and then for additional 335, 000 time-steps for collecting the statistics and the acoustics, corresponding to a total of 10 flow through times. Figure 3.13 shows the jet
spreading and the jet decay of the baseline cases analyzed. The almost linear trend
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past the end of the potential core confirms that the statistics are collected over an
adequate amount of time and samples. Assuming the simulations run continuously
24 hours per day, the simulations on the coarse grid would take about 14 days using
96 cores on the Rice cluster at Purdue University (that uses 10-core Intel Xeon E5
processors), while the simulation on the fine grid would take 30 days using 432 cores
on the Stampede cluster at the Texas Advanced Computing Center (that uses 8-core
Intel Xeon E5-2680 processors). No differences in the simulation speed were seen
while moving from the baseline to the fluidic injection case, and from the round to
the multifaceted nozzle.

(a)

(b)

Figure 3.13. LES - Baseline nozzle statistics: a) jet decay Uj /Uc ; b)
jet spreading r1/2 /r0 .
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3.2

RANS results

In this section we report the results obtained from the steady RANS simulations. The results are compared with the experimental and numerical results shown
in Powers et al. (2016). It must be noted that the numerical results in Powers et
al. (2016) are from RANS performed by Kapusta (2015) and are obtained using the
multifaceted geometry.
As explained in Powers et al. (2016), the LDV experiments only measured the axial
component of the velocity, while the RANS can evaluate all the velocity components.
In order to compare the turbulence data with the experimental results, the root mean
square (rms) value of the axial fluctuating velocity is calculated from the simulated
turbulent kinetic energy (TKE) as
urms

r
q
2
02
T KE
= (u ) ≈
n

(n = 2.63)

(3.3)

Both the non-dimensional axial velocity and the scaled rms velocity are evaluated
using uj , namely the isentropic (perfectly-expanded) jet exit velocity shown in Table 3.3.

3.2.1

Round Nozzle

The first set of results obtained is for the baseline round nozzle. For this geometry a grid independence study was performed as well. At the time of testing the
grid used for the RANS was reaching the upper limit of the computational power
available, hence, it was only possible to reduce the number of points to perform the
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grid sensitivity analysis. The fine grid has 18.6M cells, the medium mesh has 14.5M
cells and the coarse one has 8.4M cells. The grid was coarsened mostly in the nozzle region and in the potential core region, in order to have a variation in the most
relevant regions. The results are shown in Figs. 3.15 - 3.18.
The general trend of the RANS results is pretty close to the experimental results.
The non dimensional axial velocity (Figure 3.15) matches with the numerical results
of Kapusta (2015) except along the centerline and it is in a good agreement with the
experimental results. Figure 3.16 shows the mean axial velocity along the centerline.
The results match with the experimental ones, much better than the RANS results
of Kapusta (2015). The RANS simulations by Kapusta are performed using ANSYSCFX and an unstructured hexahedral mesh of approximately 11.5M nodes. Near the
end of the potential core there are only few experimental points, and they do not give
an adequate resolution of the shock cells.
A comparison of the experimental and the numerical shadowgraphs is made in
order to understand if the shock-cells generated by the jet are properly simulated. The
three-dimensional RANS (bottom) and the experimental (Morris et al., 2013) (top)
results are shown in Figure 3.14. The results appear to be in a very good agreement
with the experiment. In the left half of the picture the shock-structures occur at the
same locations, while moving downstream the shock-cells are shifted to the right. This
is caused by the grid that gets coarser moving downstream in the axial direction.It
must be noted that the experimental results are for a lower Reynolds number since the
shadowgraph imaging was performed on a nozzle with 18.00 mm diameter (instead
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of 22.47 mm) under the same operating conditions as the other experimental and
numerical results presented here. The experimental Reynolds number is Re ≈ 580000,
while the numerical one is Re ≈ 733000 (using the jet diameter as reference length).
However, a variation of about 20% of the Reynolds number is expected to have a
negligible effect on the jet development since the Reynolds number is on the order of
O(105 ). (Bogey & Bailly, 2006)

Figure 3.14. Comparison of the shadowgraph contours of the experimental results (top) with the three-dimensional LES (center) and
RANS results (bottom) for the round jet geometry. The vertical
dashed lines are draw to help compare the locations of the main shockcells.

Figure 3.17 shows the non-dimensional axial turbulence intensity. The numerical
results show a trend similar to what seen for the axial velocity, the main difference is
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near the centerline where the experimental results show much higher turbulence levels.
Indeed, from Figure 3.18 we can see how the numerical results appear to be off with
respect to the experimental results. A similar axial turbulence intensity growth trend
is shown, but it happens about 3-4 diameters later than the experimental results. This
could affect the length of the potential core. In conclusion, the experimental results
exhibit much higher values than the RANS results for the turbulence intensity. The
overlap region of two laser beams of a Laser Doppler Velocimeter defines an ellipsoidal
region that is the probe volume. The major length is defined as the probe volume
length and its effective size can be reduced placing the receiving probe at an angle
or using a pinhole. As the probe effective volume length (0.5 mm) is not negligible
compared to the jet diameter (22.47 mm), the probe records a range of velocities
that vary within the probe volume indicating an rms velocity in time even though it
is only a spatial variation. The net effect is that the probe shows higher values of
rms velocity. Moreover, the experimental results could be affected by a non-perfect
alignment along the centerline.
If we focus on the trend of the solutions varying the number of cells we can observe
that the results are almost grid independent. Indeed the results are very close for the
axial turbulence shown in Figure 3.18.
Since the turbulence levels are so different near the centerline, we decided to
analyze how the solution varies using different turbulence intensity values on the
inflow-outflow boundary conditions. The tests are performed using the coarser grid,
because it gives good results in a reasonable time.
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Figure 3.15. Baseline round nozzle - Non dimensional axial velocity profiles.

Figure 3.16. Baseline round nozzle - Axial velocity along the centerline.
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Figure 3.17. Baseline round nozzle - Non dimensional axial turbulence
intensity profiles.

Figure 3.18. Baseline round nozzle - Axial turbulence intensity along the centerline.
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The turbulence intensity value was doubled or halved from the ANSYS FLUENT
default value of 5%. As shown in Figures 3.19 - 3.22 the effect of the turbulence
intensity on the solution appear to be negligible.
Following some guidelines (Saxena, 2016) for flows in ducts a new simulation was
set up. Not only the turbulence intensity is modified, but also the turbulent viscosity
ratio. Doing this the scales of the turbulent structures are affected and not only
the turbulence intensity. For the nozzle inlet BC the turbulent intensity is set at
3% and turbulent viscosity ratio at 100 (10 is the default). For all the remaining BC
(besides those on the walls) the turbulent intensity is equal to 0.5% and the turbulent
viscosity ratio is 0.1. This case is referred just as RANS-Test in the results and it is
plotted using a magenta line in Figure 3.19. In this case the axial turbulence intensity
obtained is higher near and along the centerline, as can be seen in Figure 3.19. Along
the first 5 diameters from the nozzle exit, the axial turbulence is higher than the other
RANS results. Moving further downstream the different numerical results collapse
on the same curve.
Additional results presented in Figures 3.20, 3.21, 3.22 show that the different turbulence settings do not affect at all the velocity distribution as well as the turbulence
levels far from the centerline. It can be concluded that the initial turbulence defined
on the boundary condition does not affect much the flow dynamics.
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Figure 3.19. Baseline round nozzle - Turbulence test- Axial turbulence
intensity along the centerline.

Figure 3.20. Baseline round nozzle - Turbulence test- Non dimensional
axial velocity profiles
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Figure 3.21. Baseline round nozzle - Turbulence test- Axial velocity
along the centerline.

Figure 3.22. Baseline round nozzle - Turbulence test- Non dimensional
axial turbulence intensity profiles.
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3.2.2

Round vs. Multifaceted geometry

Another interesting aspect to analyze is the differences in the flow properties between the round nozzle and the multifaceted nozzle. Figs. 3.23 to 3.26 show the
differences between the round nozzle and the two different geometries for the multifaceted nozzle. The multifaceted geometries differ in the connection point between the
round and the multifaceted parts of the nozzle. One geometry has a step connection
and one has a smoother transition (see Figures 3.5(c) and 3.5(d)).
The results are similar when examining the non-dimensional quantities in Figs. 3.23
and 3.25. The main difference appears to be along the centerline. The mean axial
velocity (Figs. 3.24) has a similar trend for the two geometries, but it appears to be
slightly shifted toward the right for the multifaceted nozzle. It is hard to say which
geometry is in better agreement with the experimental results. The potential core
is longer for the round nozzle. The major difference is shown in Figure 3.26, where
the axial turbulence intensity has a peak inside the nozzle for the multifaceted nozzle
with step connection. This turbulence is generated by two oblique shocks intersecting and creating a Mach disk inside the nozzle. The axial turbulence intensity then
decreases considerably, except for a smaller peak that shows the location of the Mach
disk outside the nozzle. After 5 diameters the value increases again. The turbulence
intensity is always higher than the one produced by the round nozzle. Except for
the axial turbulence intensity along the centerline the results for the two multifaceted
geometries (with and without the step connection) do not differ.
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Figure 3.23. Baseline case - Non dimensional axial velocity profiles

Figure 3.24. Baseline case - Axial velocity along the centerline.
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Figure 3.25. Baseline case - Non dimensional axial turbulence intensity profiles.

Figure 3.26. Baseline case - Axial turbulence intensity along the centerline.
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The contour plots shown in Figures 3.27 - 3.29 give a clearer view of the flowfield. The comparison of the round and the multifaceted geometries implies that the
differences are minor.
A close up on the nozzle region in Figures 3.27 and 3.28 shows the oblique shocks
forming inside the nozzle and generating a first small Mach disk before the nozzle exit
and one big Mach disk right outside the nozzle exit. This is clearly shown in the total
temperature contours of Figure 3.28 where the two Mach disks are highlighted by a
drop of total temperature. Comparing the shock-cells near the right border in the
two plots of Figure 3.27, it can be seen that the round nozzle shock-cells are slightly
shifted in the downstream direction. As shown before in Figure 3.24, the difference
is minimal.
Figures 3.30, 3.31 and 3.32 show the contours at different axial locations, namely
at the nozzle exit X = 0 Dj , at X = 0.5 Dj and X = 2 Dj . Looking at these results
it is clear that the shape of the jet plume is affected by the nozzle geometry, but it
rapidly becomes smooth. Indeed, after two diameters from the nozzle exit the two
solutions do not show major differences. It is worth to repeat that the two nozzles
present shifted locations of the shock-cells; this causes the Mach contours to appear
slightly different on the different axial locations. Also, the shear layer presents the
same thickness independently of the nozzle geometry. Hence, it can be concluded
that the round nozzle, simplifying the problem, gives results in accordance with the
multifaceted geometry and so it can safely be used for the LES case.
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(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.27. RANS - Mach contour plots for the baseline case in the
Z = 0 plane, near the nozzle region: a) round nozzle; b) multifaceted
nozzle.

(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.28. RANS - Total temperature contour plots for the baseline
case in the Z = 0 plane, near the nozzle region: a) round nozzle; b)
multifaceted nozzle.
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(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.29. RANS - Turbulent kinetic energy contour plots for the
baseline case in the Z = 0 plane, near the nozzle region: a) round
nozzle; b) multifaceted nozzle.
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.30. RANS - Mach contour plots for the baseline case along
different X planes: round nozzle (on the left) and multifaceted nozzle
(on the right).
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.31. RANS - Total temperature contour plots for the baseline case along different X planes: round nozzle (on the left) and
multifaceted nozzle (on the right).
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.32. RANS - Turbulent kinetic energy contour plots for the
baseline case along different X planes: round nozzle (on the left) and
multifaceted nozzle (on the right).
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3.2.3

Fluidic Injection

The second sets of RANS results is connected to the analysis of the fluidic injection case. It must be noted that the experimental data show the results along radial
lines on and between injectors. These positions are defined as φ = 0◦ and φ = 60◦
respectively. The experimental results differ along the centerline (although theoretically they should be identical), this discrepancy is attributed by Powers et al. (2016)
to the different orientation of the LDV probe with respect to the nozzle axis.
The numerical results appear to be further away from the experimental ones than
in the baseline case. The non-dimensional axial velocity (Figs. 3.33 and 3.34) show
trends similar to the experiment data, but the intensity is generally higher. Along
the centerline it can be seen in Figure 3.35 that the potential core of the simulation
is much longer that the experimental one. The numerical results appear to be closer
to the φ = 60◦ data, since the results for φ = 0◦ do not show any waviness due to the
shock cells.
The turbulence levels appear to be further apart from the experimental results
than the velocity results. As seen for the baseline nozzle the turbulence intensity near
the centerline is much lower for the simulation. In Figure 3.36 it can be seen that the
initial axial turbulence intensity is accurate in the region affected by the injectors.
However, moving downstream, the turbulence appears to expand more upward (in
the figure) with respect to the experimental results. Similar behavior can be seen in
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Figure 3.37. The different evolution along the axial direction can be connected to
different initial values of turbulence near the centerline.
Figure 3.38 shows the distribution of the turbulence intensity along the centerline.
The results have a similar trend to the baseline case, but the initial axial turbulence
is higher because of the presence of the injectors. In this case the steep growth
of turbulence is more delayed than in the baseline case. The change (increase) of
steepness of the curve coincides with the final point of the potential core. That is
consistent with the numerical potential core being longer than the length shown in
the experiment, and the multifaceted nozzle exhibiting a shorter potential core than
the round nozzle.
As seen before for the baseline case (Figure 3.24) there are minor differences
between the round and the multifaceted nozzle for the axial velocity. The main
difference is in the length of the potential core and the position of the shock cells
along the centerline. The turbulence levels (Figure 3.36 and 3.37) are very close
along the various planes. On the planes between the injectors the solution for the
multifaceted nozzle is smoother than the one for the round nozzle. Similarly to the
baseline case the multifaceted nozzle shows higher levels of axial turbulence intensity
than the round nozzle, along the centerline.
It can be stated that the differences between the round and the faceted nozzle are
small. Hence, the LES run based on the round geometry would give valuable results
that can be compared to the experimental results, avoiding the major complications
due to a more complex geometry.
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Figure 3.33. Fluidic injection - Non dimensional axial velocity profiles
on the half plane with the injectors.

Figure 3.34. Fluidic injection - Non dimensional axial velocity profiles
on the half plane without the injectors.
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Figure 3.35. Fluidic injection - Axial velocity along the centerline.

Figure 3.36. Fluidic injection - Non dimensional axial turbulence
intensity profiles on the half plane with the injectors.
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Figure 3.37. Fluidic injection - Non dimensional axial turbulence
intensity profiles on the half plane without the injectors.

Figure 3.38. Fluidic injection - Axial turbulence intensity along the centerline.
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As done for the baseline case, a set of contour plots of the Mach number, total
temperature and TKE is shown in order to have a clearer view of the flow-field. From
the plots (figures 3.39- 3.43) is clear that, again, the differences between the round and
multifaceted geometries are minor. For the sake of brevity, we do not repeat all the
considerations of the differences and similarities between the two nozzle geometries,
because what stated in the previous subsection is still valid. The round nozzle, even
for the fluidic injection case, gives results close to the multifaceted geometry and so
it can be used for the LES runs.
Focusing on the effect of the fluidic injection on the flow, we can see from the close
ups on the nozzle region (figures 3.39 and 3.41) that the injectors break the shock
structures into smaller pieces and modify their orientation. The Mach disk outside
the nozzle is shifted downstream and reduced in size and intensity. The velocity and
its variation through the shocks decreases compared to the baseline case. A small
bow-shock forms through the interaction between the nozzle flow and the injected air
from the second injector. Also, the shock-cells outside the nozzle are affected in a
similar way. The flow loses its axisymmetry. The TKE (see Figure 3.43) increases
just downstream of the injectors and then it drops quickly, while on the side without
injectors it increases along a thinner zone with respect to the baseline case.
Figures 3.40, 3.42 and 3.44 show the contours at the same axial locations seen for
the baseline case. Namely at the nozzle exit X = 0 Dj , at X = 0.5 Dj and X = 2 Dj .
The jet plume is clearly affected by the fluidic injection. The injectors create three
bubbles of low velocity and high TKE, that propagate radially toward the centerline.
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This creates a triangular shape of the plume as it propagates downstream and the
three-dimensionality of the flow becomes evident. The injected air has an initial high
TKE that quickly decreases as the flow moves downstream.

3.3

LES Results

In this section we present the LES results and analyze the effects of the fluidic
injection on the shock-cells and on the potential core length as well as the resulting
noise. All the results shown are validated and compared to experimental and numerical results available in the literature (Kapusta, 2015; Powers et al., 2016; Morris et
al., 2013) and from private communication with Dr. R. W. Powers of the Naval Air
Systems Command, Propulsion & Power Dept., Patuxent River, Maryland.
The LES data were sampled on the ADS in order to calculate the acoustics in the
far-field using the FWH method, as described in section 2.5 and in subsection 3.1.2.
The spectra calculated are compared with the (lossless) acoustics results obtained by
the Pennsylvania State University group. The observer is located at 100 diameters
from the nozzle exit. The LES results are recorded on 13, 400 samples and processed
using a fast Fourier transform (FFT) using windows of 1, 024 samples each, so that
the resulting spectra are averaged over 12 records. Moreover, the spectra are averaged azimuthally over three locations, 120◦ distant from each other. It was chosen
to perform an averaging only over three azimuthally varying positions (instead of the
eight used in past LES runs) in order to have numerical results consistent for com-
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(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.39. RANS - Mach contour plots for the fluidic injection case
along the Z = 0 plane, near the nozzle region: a) round nozzle; b)
multifaceted nozzle.
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.40. RANS - Mach contour plots for the fluidic injection case
along different X planes: round nozzle (on the left) and multifaceted
nozzle (on the right).
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(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.41. RANS - Total temperature contour plots for the fluidic
injection case along the Z = 0 plane, near the nozzle region: a) round
nozzle; b) multifaceted nozzle.
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.42. RANS - Total temperature contour plots for the fluidic
injection case along different X planes: round nozzle (on the left) and
multifaceted nozzle (on the right).
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(a) Round nozzle

(b) Multifaceted nozzle

Figure 3.43. RANS - Turbulent kinetic energy contour plots for the
fluidic injection case along the Z = 0 plane, near the nozzle region:
a) round nozzle; b) multifaceted nozzle.
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(a) Round nozzle - X = 0 Dj

(b) Multifaceted nozzle - X = 0 Dj

(c) Round nozzle - X = 0.5 Dj

(d) Multifaceted nozzle - X = 0.5 Dj

(e) Round nozzle - X = 2 Dj

(f) Multifaceted nozzle - X = 2 Dj

Figure 3.44. RANS - Turbulent kinetic energy contour plots for the
fluidic injection case along different X planes: round nozzle (on the
left) and multifaceted nozzle (on the right).
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parison with the fluidic injection case, even if the spectra appear to be noisy at high
frequencies. The uncertainty in the experimental results is about 0.8 dB.
The analysis of the baseline case is focused on three major parts. The first part
of is to verify that the differences between round and multifaceted geometries are
limited. The second is to explore the effect of the characteristic filter on the solution
for the round geometry. The last part is to analyze the effect of the grid on the
solution. In order to perform the simulation on the finer grid we had to apply the
characteristic filter four times, instead of two times as is usually done (Lo et al., 2010;
Aikens, 2014; Aikens et al., 2015) for cases with standing shocks. This, to suppress
the oscillations arising from a Mach disk inside the nozzle (see Appendix A). For
that reason, in the second part of the analysis we compare the effect of applying the
characteristic filter two and four times using the coarse grid for the round geometry.
Table 3.7 shows the details of the different simulations.

3.3.1

Round Jet Analysis

The non-dimensional axial velocity profiles (figure 3.45) and the mean axial velocity along the centerline (figure 3.46) show good agreement between the LES and the
experimental results. The major differences are in the shear-layer region. The coarse
grid simulations show a higher flow entrainment due to higher velocities than what
the experiments show. The major differences along the radial location r/Dnoz = 0.4
are due to the position of the shocks right outside the nozzle. A small variation of
the shock positions along the axial location can cause a noticeable difference in terms
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of velocity. Along the centerline the results are close to the experimental data, but
the shock-cell locations appear to be shifted toward the left.
Figure 3.47 shows a shear layer thicker than the experimental one. The spreading
and magnitude of the rms velocity is higher than what the experiments show in
the outer layer that surrounds the jet, and lower inside the potential core. The
experimental results present a steep increase of the rms velocity along the centerline
before the end of the potential core, while the increase is delayed in the LES results
(see Figure 3.48). From private communication with Dr. R. W. Powers, it has
been found that this can be attributed to what the group at the Pennsylvania State
University calls “spatial turbulence”. If the probe volume length is not negligible
compared to the jet diameter, the probe records a range of velocities that vary within
the probe volume that results in an rms velocity in time even though it is only a
spatial variation. Thus, the effect is that the probe shows higher values of rms velocity.
Moreover, the experimental results could be affected by a non-perfect alignment along
the centerline. In addition, the experiment may have a more turbulent flow entering
the nozzle than what was simulated by the LES inflow boundary condition. The flow
properties within the nozzle were not measured and the LES used mean and rms
profiles computed from a RANS solution.
It is interesting to note that at the plane x/Dnoz = 0.2 the LES gives a plausible
reason for the experimental measurement at the radial location r/Dnoz = 0.2 that
originally appears to be “an outlier”. Indeed, it has been found that, at that particular
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location, there is an oblique shock wave that has a higher turbulence content than
the flow surrounding it.
The shadowgraph comparison in Figure 3.49 (part 2) shows that the number
of shock-cells forming after the nozzle exit is in agreement with the experiment.
Further downstream, the numerical results show that the shock-cells have shifted
toward the left with respect to the experimental results. It must be noted that
the experimental results are for a lower Reynolds number because the shadowgraph
imaging was performed on a nozzle with 18.00 mm diameter (instead of 22.47 mm)
under the same operating conditions as the other experimental and numerical results
presented here. A variation of about 20% of the Reynolds number is expected to have
a negligible effect on the jet development since the Reynolds number is on the order
of O(105 ). (Bogey & Bailly, 2006)
The first part of the acoustic analysis focuses on the effect of the ADS location
and geometry on the acoustic results. Figure 3.50 presents the narrowband spectra
for the coarse LES grid for the round nozzle using the four different ADS described
in subsection 3.1.2. The different coloring of the lines represents the ADS colors (see
Figure 3.12). As expected, the FWH results appear to be insensitive to the ADS
location. The only noticeable difference in the results is due to the grid cutoff of
the high frequencies. The looser ADS have larger grid spacing, therefore, the cutoff
frequency is smaller with respect to the tighter ADS. The spectra show that the red
ADS (or Set 1), corresponding to the tightest surface, presents the best results of the
four surfaces. This particular surface has an initial radius of about 2 Rj and a final
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radius of about 7.5 Rj . For sake of brevity only the results for the tightest surface
are shown next for all the cases analyzed. Furthermore, the cut-off frequencies due
to the grid resolution are reported in table 3.8 for this ADS. The values are extracted
using the line of sight method described by Aikens (2014). This method is based on
the estimation of the cut-off frequency depending on the grid spacing near the ADS
along the direction of sound propagation to the observer.
Table 3.8. FWH - Grid frequency cut-off of the tightest surface. The
results are expressed in terms of Strouhal number for the sound propagation directions at 30◦ , 60◦ , 90◦ and 120◦ .
Cut-off St
Grid
30◦

60◦

90◦

120◦

Coarse

1.02

2.54

3.87

2.38

Fine

1.91

4.72

7.27

4.44

The acoustics results presented in Figures 3.51 and 3.52 show, respectively, the
spectra for four different observer angles, namely 30◦ , 60◦ , 90◦ and 120◦ , and the
overall sound pressure level (OASPL). The computational acoustics results of the
21 M point mesh for the round geometry with 2 characteristic filter applications
are represented by the red line in the figures. They are in good agreement with
the experimental results in the range of low-mid frequencies, while the discrepancies
at the high frequencies are higher (see Figures 3.51(c) and 3.51(d)). Experimental
analysis (Yu & Dosanjh, 1972; Tam, 1991) shows that for a non-perfectly expanded
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nozzle the presence of shock-cells generates so-called broadband shock associated noise
(BBSAN). This noise mechanism is generated by the interaction of the shear-layer
with the shock-cell. The BBSAN increases the OASPL (with respect to a shock-less
jet) along all directions but predominantly in the range of high angles (i.e. above
80◦ ). Also, additional experimental evidence (Tam et al., 1996, 2008) shows that
the higher frequencies are dominant at high angles because of the sound generated
by the smaller turbulent scales. Hence, the differences between the numerical and
experimental results for OASPL and spectra at high angles and the high frequencies
are connected to the small turbulent scales and their interaction with the shock-cells.
By definition the LES resolves the larger scales and models the smaller scales of
turbulence. Therefore, it is expected that there would be differences in the acoustic
results for the high frequency range. Indeed, the LES do not capture properly the
pressure levels connected to high frequencies, since they do not adequately resolve
the smaller turbulent scales. The grid limits the size of turbulent scales that can be
resolved and adds numerical dissipation that dissipates the smallest resolved scales.
However, the high frequencies are under-predicted even at resolved scales (see table 3.8
for the grid high frequency cut off). Thus, the discrepancy at high frequency may
be caused by additional phenomena. The screech tones can generate a self-excited
jet. Also the screech tones seen in the experiment create a cascade of harmonics that
increase locally the sound pressure levels of the surrounding frequencies resulting in
a broadband amplification at high frequencies. The screech tones and their effect
on the spectra are not captured in the LES. The prediction of screech tones is not
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a trivial problem because of their sensitivity to small details of the experimental
set up (Tanna, 1977a; Norum, 1983), that may not be reproduced in the numerical
approach. This, combined with a relatively coarse grid, may cause the simulation
not to capture the screech tones (Shur et al., 2010; Brès et al., 2017; Markesteijn
et al., 2017). Moreover, the location and the intensity of the shocks is sensitive
to the grid fineness and affects the BBSAN levels. Hence, the OASPL difference
between the numerical and experimental results at large angles is expected. In this
range the maximum difference is about 3 dB. The region where the BBSAN peak
is located is in good agreement with the experimental results. It must be noted
that the experimental results for the OASPL do not take into account the screech
tones. Looking at Figure 3.52 it can be seen that the LES show a peak, with maximum
OASPL, around 25◦ . This is in agreement with the general trend for jet noise. Indeed,
the large turbulent scales that convect downstream are associated with the typical
emission angle of about 30◦ . This has been found also to be the direction with the
highest sound intensity levels for the LES results and it is confirmed by the spectra
shown in Figure 3.51(a). Furthermore, a second peak can be seen at about 55◦ , while
the experimental results show a small secondary peak at about 45◦ . This phenomena
is connected to the generation of noise from the interaction between the turbulent
shear-layer exiting the nozzle and the shock-cells downstream. Indeed, in their study
Yu and Dosanjh (1972), comparing a perfectly expanded jet and an under-expanded
jet, show that the presence of diamond cells may generate a small peak of the OASPL
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around 60◦ . In this range of angles, the BBSAN levels from the LES appear to be
slightly higher than the experimental results (e.g. see Figure 3.51(b)).
Overall the LES results appear to be in relatively good agreement with the experimental results. The spectra are well represented and reflect the behavior shown
in the experiment up to the high frequencies. It must be noted that the maximum
difference between the numerical and experimental OASPL is about 3 dB. Moreover,
the analysis performed on other jets, using the present LES code, show a similar
trend, namely a lower level of OASPL compared to the experimental results (Aikens
et al., 2015; Dhamankar et al., 2016a).

Figure 3.45. Baseline case - Non-dimensional axial velocity profiles.
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Figure 3.46. Baseline case - Axial velocity along the centerlines.

Figure 3.47. Baseline case - Scaled axial rms velocity profiles.
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Figure 3.48. Baseline case - Scaled axial rms velocity along the centerline.

122

Figure 3.49. Shadowgraph contours - Comparison between experimental (Dnoz = 18 mm) and numerical (Dnoz = 22.47 mm) results.
From top to bottom: 1) Multifaceted jet - Morris et al. (2013); 2)
Round jet - LES on coarse grid applying the characteristic filter 2
times; 3) Round jet - LES on coarse grid applying the characteristic
filter 4 times; 4) Round jet - LES on fine grid applying the characteristic filter 4 times; 5) Multifaceted jet - LES on coarse grid applying
the characteristic filter 2 times.
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(a) 30 degrees

(b) 60 degrees

(c) 90 degrees

(d) 120 degrees

Figure 3.50. Sound Pressure Level comparison on the different ADS,
for observer at 100 Dj and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the
baseline nozzle, using the coarse grid.
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Powers et al. - Baseline
LES - Round - 21M - 2 ch. filt.
LES - Multifaceted - 21M - 2 ch. filt.
LES - Round - 21M - 4 ch. filt.
LES - Round - 130M - 4 ch. filt.
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Figure 3.51. Sound Pressure Level comparison for observer at 100 Dj
and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the baseline nozzle.
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Figure 3.52. Overall Sound Pressure Level comparison for the baseline
nozzle for observer at 100 Dj .
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3.3.2

Round jet and multifaceted jet

The first part of the analysis is the comparison of the results between the round
and the multifaceted geometry. An interesting result is shown in Figure 3.53 where
the Q-criterion inside the nozzle is shown for the two different geometries. The
turbulent structures’ development is initially different. The multifaceted geometry
shows that the turbulent structures cluster along the short edges of the nozzle, while
the round nozzle has more evenly distributed turbulent structures along the azimuthal
direction. At the nozzle exit, the eddies’ azimuthal distribution is similar between
the two geometries, hence no significant differences should be expected in the jet
development for the two cases.
In Figures 3.45-3.48 the comparisons of the LES and experimental mean flow and
turbulence statistics are shown. It can be seen that, comparing the red and orange
lines, the differences between the round and multifaceted geometries are very limited
in terms of axial velocity and rms velocity, as shown also in our previous analysis
using RANS (see subsection 3.2.2). The major differences can be found along the
centerline (see Figures 3.46 and 3.48). Indeed, the locations of the shock-cells are
slightly different. The multifaceted geometry presents shocks that are shifted in the
upstream direction with respect to the results for the round geometry. This can also
be seen comparing at part 2 and 5 of the shadowgraph results in Figure 3.49. Overall
the two nozzle geometries present similar flow-fields.
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Figure 3.53. Q-criterion isosurfaces inside the nozzle. Top half: multifaceted geometry; bottom half: round geometry. The value of the
Q-criterion (Q = 5) is chosen to highlight the different structures
distribution on the wall.
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The acoustics results presented in Figures 3.51 and 3.52 allow us to complete
the comparison of the two geometries. It can be seen that the multifaceted geometry
shows similar acoustic levels at medium and high frequencies with respect to the round
nozzle, while the lower frequencies show a lower sound pressure level (SPL). This turns
into having a jet be slightly quieter. The maximum difference for the OASPL is about
2 dB only at 10◦ and immediately drops to 1 dB for slightly larger angles, where the
lower frequencies are dominant. The difference in OASPL, then, reduces to less than
1 dB as we move to larger observer angles, where the higher frequencies are dominant.
Since the differences between the two geometries are limited, the rest of the analysis
is performed using only the round geometry.

3.3.3

Characteristic Filter Dissipation

The second part of the present study is based on the analysis of the effect of
applying the characteristic filter two or four times every time-step. To assess the
effect of this approach we compare the results obtained using the coarser grid.
Applying the filter four times instead of two appears to add a dissipative effect
to the calculations. It can be seen in Figure 3.46, where some of the oscillations are
smoothened out in the axial range x/Dnoz ∈ [0, 2]. This also affects the shock-cells
downstream shifting them more upstream respect to the case with the filter applied
two times. This can also be seen in the shadowgraph comparison in Figure 3.49.

129
The axial rms velocity (see Figures 3.47 and Figure 3.48) shows that applying the
filter four times slightly decreases the turbulence levels exiting the nozzle. The two
simulations have a potential core length of about 8 Dnoz .
The acoustics results in Figures 3.51 and 3.52 show, as expected, that applying
the characteristic filter more times adds dissipation to the solution, resulting in lower
sound levels. The effect is spread over all the frequencies as shown by the spectra. At
small observer angles the lower frequencies of the spectra are reduced, while at large
observer angles the high frequencies are reduced by the two additional applications
of the filter. This generates an OASPL graph that is reduced about 2 dB along most
of the observer angles respect to the case with the characteristic filter applied two
times. Between 50◦ and 70◦ OASPL is slightly increased. This is connected to a
louder BBSAN peak region (see Figure 3.51(b)). This could be related to the shockcell locations that are shifted upstream with respect to the case with the characteristic
filter applied two times.

3.3.4

Grid Refinement

The last part of the analysis is focused on the effect of the grid on the solution.
The non-dimensional axial velocity (figure 3.45) shows that the fine grid results follow
the experimental trend more closely. The profiles for the fine grid in the outer region
of the shear layer show a lower entrainment of the outer flow compared to the coarser
grid results. In this region the level of agreement with the experimental results is
increased. It seems (from Figure 3.46) that the fine grid results follow more closely
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the experimental results toward the end of the potential core. The length of the
potential core is longer (about 9 diameters) than in the results with the coarse grid.
Also, the shock-cells are shifted further downstream with respect to the coarse grid
results and show more details, along the axial range x/Dnoz ∈ [0, 2], as the grid
refinement counteracts the dissipative effects of applying the characteristic filter four
times (see Figure 3.49).
The axial rms velocity levels get lower as the grid is refined (see Figures 3.47 and
Figure 3.48). The results are more in agreement with experimental results mostly
in the outer shear-layer region, as seen in the non-dimensional axial velocity profiles.
On the other hand, along the centerline the results have a reduced intensity for the
rms velocity.
This set of findings shows that the fine grid case results in a jet with a shear-layer
that grows slower than the coarse grid cases. This leads to a longer potential core
and lower jet decay and spread rate (see also Figure 3.13).
Figure 3.54 shows the contours of the Mach number and the TKE along the z = 0
plane, and compares the LES results for the round geometry. The Mach contours
show that the magnitude is extremely close between the simulations and the major
difference is in the shift of the shock-cell locations, as seen earlier in Figure 3.49.
Indeed, the LES on the fine grid shows shock-cells that are located further downstream
than the results for the coarse grid simulations and are more in agreement with the
experimental shadowgraph. Furthermore, the LES on a coarse grid do not predict
the formation of a small Mach disk inside the nozzle. The TKE contours show that

131
the LES solutions on a coarse grid have higher levels of turbulence exiting the nozzle,
as well as a thicker layer of turbulence in the shear-layer than the case with the fine
grid.
The acoustics results in Figures 3.51 and 3.52 show, as described before, that
applying the characteristic filter four times produces lower sound levels than applying
it two times. The refinement of the grid appears to mitigate the filter effect at high
frequencies and at the BBSAN peak locations. Indeed, using a finer grid improves the
resolution of the smallest turbulent scales and so the quality of the spectra at high
frequencies. This can be seen in Figure 3.51 especially for the observer angle 120◦ ,
where the effect of the higher frequencies is dominant. The spectra peak connected
to the BBSAN show higher levels for 30◦ , 90◦ and 120◦ , but lower levels at 60◦ ,
with respect to the results shown for the coarse grid case with the characteristic filter
applied four times. The solution in these ranges gets slightly closer to the experimental
results thanks to the refinement of the grid because the position and geometry of the
shock-cells is improved. The lower frequencies have lower spectra levels for most
of the angles. This can be connected to the lower turbulence levels in the shearlayer that generate weaker large scales that convect downstream with respect to the
coarser grid cases. The grid is still not fine enough to properly capture the screech
tones shown in the experimental results. Looking at the OASPL in Figure 3.52,
comparing the green and blue lines, the effect of refining the grid can be clearly seen.
At observer angles smaller than 30◦ or higher than 90◦ the finer grid shows higher
OASPL than the coarse grid with the same characteristic filter settings. The effect
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(a)

(b)
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(c)

(d)

Figure 3.54. Comparison of the Mach and turbulent kinetic energy
contour plots of the LES results for the baseline round nozzle. The x
and y axes are non-dimensionalized with respect to the jet exit radius.
a) Mach contours. Top half: coarse grid - 2 ch. filt.; Bottom half:
fine grid - 4 ch. filt.; b) Mach contours. Top half: coarse grid - 4 ch.
filt.; Bottom half: fine grid - 4 ch. filt.; c) TKE contours. Top half:
coarse grid - 2 ch. filt.; Bottom half: fine grid - 4 ch. filt.; d) TKE
contours. Top half: coarse grid - 4 ch. filt.; Bottom half: fine grid - 4
ch. filt.
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is small, less than 1 dB, for shallow angles, while it is larger, up to 2 dB, at wider
angles. Therefore, it can be linked to a better resolution of the smaller turbulent
scales and their contribution to the high-frequency noise. For the observer angles
from 30◦ to 90◦ the finer grid has reduced OASPL levels by about 1 dB. Even if the
results appear to become more distant from the experimental ones, the OASPL trend
shows more realistic features. The main peak located at 60◦ is now reduced almost at
the same level as the peak at about 25◦ , namely the physical direction of maximum
sound propagation. This happens because the shock-cell locations and geometry
are modified. Therefore, to summarize: the excessive filtering shifts the shock-cells
upstream increasing the SPL levels of the BBSAN peak and so the OASPL between
30◦ and 90◦ ; grid refinement shifts the shock-cells downstream, changing the BBSAN
to levels closer to the experimental ones and reducing the OASPL along that range
of observer angles.

3.3.5

Fluidic Injection

In this subsection we focus on the analysis of the LES results of the nozzle with
injectors. The experimental results are shown along two azimuthal planes: one aligned
with the injectors (φ = 0◦ ) and one in between two lines of injectors (φ = 60◦ ). The
numerical results are averaged along three azimuthal positions.
The non-dimensional axial velocity profiles (figure 3.55) show that the LES follows
the trend of the experimental results, along the azimuthal plane φ = 0◦ . The numerical results under-predict the axial velocity near the nozzle exit and over-predict it as
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one moves downstream. Along the azimuthal plane in between two lines of injectors
(φ = 60◦ , Figure 3.56) the LES results are in good agreement with the experimental
result, but they over-predict the axial velocity on the two most downstream planes.
Figure 3.57 shows the mean axial velocity along the centerline. The LES results
are in relatively good agreement with the experimental results for φ = 60◦ , up to
x/Dnoz = 2.5; however, in our LES the magnitude of the oscillations of the velocity is
much larger than the experiments. Also, it should be pointed out that the experimental velocity measurements are available in fewer points, thus some of the peaks may
have been missed. The potential core is longer compared to the experimental results.
The discrepancy between the experimental results (on the centerline) for different
azimuthal orientations of the nozzle indicates an imperfect alignment of the probe on
the centerline. This error leads to a scattering in the experimental data, so that it is
hard to tell the overall level of agreement of the LES with the experiment.
Figure 3.58 shows the scaled rms velocity profiles along the φ = 0◦ azimuthal
plane. The LES results have high rms velocity levels exiting the nozzle downstream
of the injectors compared to the experimental results. Similar to what was seen for
the rms velocity of the baseline case, the position of the shocks near the nozzle exit
(located at the axial location x/Dnoz = 0.2), causes a small peak of axial rms velocity
at the radial locations r/Dnoz = 0.15. Along the other azimuthal plane (figure 3.59)
the numerical results follow closely the experimental results on the first three planes,
while show more discrepancies on the last three planes analyzed. This could be
connected to the “spatial turbulence” effect due to the probe size that increases the
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rms velocity intensity, since the discrepancies appear for the points closer to the
centerline.
Figure 3.60 shows a trend similar to the baseline case for the scaled axial rms
velocity along the centerline. The shock-cells generate high peaks of scaled axial rms
velocity in the region just downstream of the nozzle exit. The LES results are in
relatively good agreement with the experimental results for the plane in line with the
injectors (φ = 0◦ ) up to an axial location of about x/Dnoz = 2, then the increase of the
rms velocity is delayed. This agrees with the longer potential core described before.
The differences between the numerical and experimental results can be connected to
the “spatial turbulence” effect, as seen in the baseline case, to the misalignment of the
probe with respect to the centerline, and possible differences in the inflow conditions
within the nozzle.

Figure 3.55. Fluidic injection case - Non-dimensional axial velocity
profiles along the azimuthal plane φ = 0◦ .
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Figure 3.56. Fluidic injection case - Non-dimensional axial velocity
profiles along the azimuthal plane φ = 60◦ .

Figure 3.57. Fluidic injection case - Axial velocity along the centerlines.
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Figure 3.58. Fluidic injection case - Scaled axial rms velocity profiles
along the azimuthal plane φ = 0◦ .

Figure 3.59. Fluidic injection case - Scaled axial rms velocity profiles
along the azimuthal plane φ = 60◦ .
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Figure 3.60. Fluidic injection case - Scaled axial rms velocity along the centerline.
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Figure 3.61 shows the jet decay (Uj /Uc ) and the jet spreading (r1/2 /r0 ) comparison
for the nozzle with and without injectors. Turning on the injectors reduces the jet
decay rate in the linear region slightly and modifies the jet spreading. The injectors
modify the shape of the jet plume as shown by the different jet spreading depending
on the azimuthal location with respect to the injectors. The air injected into the
nozzle pushes the jet plume away from the centerline and causes a non-symmetric
distribution with respect to the jet axis, as also confirmed by a recent PIV analysis at
the Pennsylvania State University (Morgan et al., 2018). This can be seen looking at
the curves trend near the nozzle exit for the fluidic injection case. The jet spreading
on the plane in line with the injectors, φ = 0◦ , is initially reduced with respect to the
baseline case, while it is increased in the plane between two injectors lines (that is
on the opposite side of the nozzle where the injectors are located), φ = 60◦ , because
of the push of the injectors. The slope of the jet spreading in the linear region is
reduced at φ = 60◦ , while is slightly larger at φ = 0◦ .
A set of contour plots is shown in order to better visualize the results in the flowfield. The effect of the injectors on the distribution and geometry of the shock-cells
in the potential core and the wave propagation in the near-field are shown by the
contours of the velocity dilatation in Figure 3.62. The large shocks of the baseline
nozzle are broken down into numerous smaller shocks with different orientations.
Figure 3.63 shows the Mach and TKE contour plots. Comparing the Mach contours with Figure 3.54, it can be seen that the shock structures break down into
smaller shocks with reduced intensity, as suggested by Powers et al. (2014) and re-
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(a)

(b)

Figure 3.61. LES - Jet statistics for the nozzle with and without
injectors: a) jet decay Uj /Uc ; b) jet spreading r1/2 /r0 .
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(a) Baseline nozzle

(b) Nozzle with fluidic injection

Figure 3.62. LES instantaneous dilatation contours: a) baseline nozzle; b) nozzle with fluidic injection, on the plane z = 0 slicing through
a line of injectors. The injectors are blowing air inside the nozzle in
the top half of picture (b). The x and y axes are non-dimensionalized
with respect to the jet exit radius.

143
cently described by Morgan et al. (2018). This effect on the region inside the nozzle
and right outside it affects the intensity of the downstream shocks, which is reduced
with respect to the baseline case. The TKE levels are in accordance with what is
seen for the baseline case: high levels of TKE at the nozzle exit that then dissipate
moving further downstream. Furthermore, the turbulent kinetic energy is high past
the two injectors, due to the mixing effect, and then decays faster than in the regions
without injectors.
The injectors can also be analyzed as jets in cross-flow. Figures 3.64 and 3.65 show
a slice of the diverging section of the nozzle where the line of injectors is located. The
magenta arrows show the direction of the main jet stream, while the white arrows
show the location injectors and the direction of the air blown into the nozzle. The Qcriterion iso-surfaces colored by the axial component of the vorticity help identify the
turbulent structures typically generated by jets in cross-flow (Fric & Roshko, 1994;
Kelso et al., 1996; Karagozian, 2014). Figure 3.64 shows a side-view and an angled
top-view of the nozzle slice. Figures 3.64(b) and 3.64(d) highlight the location of the
horseshoe vortex (orange box) forming in front of the first injector, and the counterrotating vortex pair (yellow box) generated by the second injector. Furthermore,
Figure 3.65 shows the side-view with an intersecting radial plane, that shows the
axial velocity contours. Here the dotted circles are used to show the location of
the injectors. The typical roll-up of the shear-layer into the so-called “shear-layer
vortices” is highlighted by the black arrows. Additional structures that grow from
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(a)

(b)

Figure 3.63. Mach (a) and turbulent kinetic energy (b) contour plots
of the LES results for the round nozzle with fluidic injection, on the
plane z = 0 slicing through a line of injectors. The injectors are
blowing air inside the nozzle in the top half of the pictures. The x
and y axes are non-dimensionalized with respect to the jet exit radius.
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the wall to the counter-rotating vortex pair can also be identified (blue arrows), these
are usually addressed as wake vortices.
Moving now to the acoustic analysis, the LES data were sampled and processed in
the same way as for the baseline case. The spectra are averaged azimuthally over three
locations, 120◦ distant from each other, and shown for two locations, the azimuthal
planes at φ = 0◦ and φ = 60◦ . The results shown are obtained using the tighter ADS
described in subsection 3.1.2 (i.e. what called surface one in Figure 3.12).
Figures 3.66 and 3.67 show the spectra on the two planes (φ = 0◦ and φ = 60◦ ) for
four different observer angles, namely 30◦ , 60◦ , 90◦ and 120◦ , while Figure 3.68 shows
the corresponding OASPL. As done for the baseline case, the SPL and OASPL graphs
are analyzed together in order to give a more complete description of the results. The
computational results show good agreement with the experimental results for both
azimuthal planes, in a similar way to the baseline case. The spectra agree well at
30◦ and 60◦ observer angles, but show more discrepancies at 90◦ and 120◦ in the high
frequency range. The reasons for the discrepancy have already been discussed in the
analysis of the baseline case. In addition to that, the results at φ = 60◦ , for observers
at 90◦ and 120◦ , show two peaks that could be connected to the shedding generated by
the constant air injection. The numerical LES spectra show better agreement with the
experimental results compared to the baseline case. This is because for the baseline
case screech is present in the experiments but not captured in the computation,
whereas for the injection case there is no screech in both the experiments and the
LES. The presence of screech in the experimental baseline case could cause jet self-

146

(a)

(b)

(c)

(d)

Figure 3.64. Side-views (a and b) and angled top-views (c and d) of
the turbulent structures generated by a line of injectors, along a slice
of the internal wall of the nozzle. The Q-criterion iso-surfaces are
colored by the axial component of the vorticity contours. The white
arrows identify where the injectors are located and the direction of the
air blown. The magenta arrows identify the direction of the main jet
stream. The orange and yellow squares identify the horseshoe vortex
and the counter-rotating vortex pair, respectively.
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Figure 3.65. Side-view of the turbulent structures generated by a
line of injectors, along a slice of the internal wall of the nozzle. The
Q-criterion iso-surfaces are colored by the axial component of the vorticity contours and the radial plane shows the axial velocity contours.
The white arrows identify where the injectors are located and the direction of the air blown. The magenta arrows identify the direction
of the main jet stream.
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excitement and broadband amplification resulting is higher spectra differences in the
mid to high frequencies for the baseline case. The LES results for the azimuthal plane
φ = 60◦ appear to agree better with the experimental results than the ones for the
azimuthal plane φ = 0◦ .
It must be noted that the benefit of using the injectors is to reduce the BBSAN.
Comparing Figures 3.51(b) with Figures 3.66(b) and 3.67(b) it can be seen that the
injectors reduce the BBSAN peak (for the observer angle θ = 60◦ ) at the azimuthal
plane φ = 0◦ and almost completely remove the BBSAN peak at φ = 60◦ . A reduction of the BBSAN due to the injectors is shown also in all the other spectra. Indeed
the injectors break down the shock-cells into smaller and weaker shocks altering their
locations and orientations as well. Moreover the jet plume is deformed by the injectors. The overall effect is to create a non-axysimmetric plume with weaker shock-cells
that interact differently with the shear layer, directly affecting the mechanisms that
generate the BBSAN. This becomes an acoustic benefit due to a reduction of the
BBSAN.
Looking at Figure 3.68 it can be seen that the LES, in the azimuthal plane φ = 0◦ ,
now shows a peak with maximum OASPL at 60◦ , while the peak around 25◦ has a
lower value of OASPL. The direction of maximum sound propagation for the baseline
case shows more than 1.5 dB of reduction (see Figure 3.69). The experimental data
show a similar behavior, but with the a peak located at about 45◦ instead of 60◦ ,
analogous to what is seen comparing experimental and LES results in the baseline
case. This means that the principal direction of the sound propagation is modified
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by the injectors, while the maximum value of the OASPL is reduced by about 1 dB.
The OASPL levels are about 2 − 3 dB lower than the experimental results up to 90◦ ,
then the difference increases up to 5 − 6 dB. This trend is similar to what found in
the baseline case comparing experimental and LES results, even though the difference
for large observer angles was smaller for the baseline case.
In the azimuthal plane φ = 60◦ , the LES results show a peak around 25◦ − 30◦
that is consistent with the experimental data for that location. It shows, also, another
peak at about 70◦ that is located where the experimental results show the lowest levels
of OASPL. For the observer angles up to 90◦ the LES results differ less than 1.5 dB
with respect to the experimental data. Thus the difference is similar to what seen for
the other azimuthal plane.
Since the OASPL for the baseline jet and the jet with injectors shows lower noise
levels with respect to the experimental results, a useful comparison is to analyze the
trend of ∆OASPL, i.e. the difference of the OASPL of the case with injectors versus
the OASPL of the baseline case. Figure 3.69 shows a noise reduction where the
∆OASPL is negative and a noise increase where it is positive. The LES results show
a global reduction of noise for all observer locations, while the experiment depicts
an increase of noise around 50◦ in the azimuthal plane φ = 0◦ , due to additional
high frequency phenomena caused by the shedding generated by the injectors. The
LES results on this plane follow closely the experimental results up to 100◦ with
a difference for the ∆OASPL that is generally less than 1 dB, except around 50◦
where the difference is less than 1.5 dB. Beyond 100◦ the LES diverges from the
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experimental results. In the azimuthal plane φ = 60◦ the LES ∆OASPL differs less
than 1 dB with respect to the experimental results except in the range of observer
angles between 65◦ and 90◦ where the difference is less than 2 dB. The LES results
show that, along the principal direction of sound propagation for the baseline nozzle
(25◦ ), the injectors can reduce the OASPL by more than 1.5 dB. The maximum noise
reduction happens at about 55◦ in the azimuthal plane φ = 60◦ , where the OASPL
is reduced by almost 3 dB.
The last part of this analysis is the change in the thrust due to the injectors. Since
the jet operates in over-expanded conditions the thrust equation is:
Z
T =
Ae

ρe u2e

Z
(pe − pa ) dA

dA +

(3.4)

Ae

It has been found that using the injectors in this configuration reduces the jet thrust
by about 0.7%. Furthermore, considering that the injectors introduce additional mass
flow rate (about 2% of the baseline mass flow rate) it might be worth considering the
specific thrust variation. The specific thrust is defined as Ts = T /ṁe , where ṁe is the
mass flow rate calculated at the exit of the nozzle. This analysis shows that activating
the injectors causes a specific thrust loss of about 2.4%.

151

Powers et al. - Fl. Inj. - φ = 0 deg.
LES - Fl. Inj. - φ = 0 deg.
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Figure 3.66. Sound Pressure Level comparison for observer at 100 Dj
and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the nozzle with fluidic
injection. The observer is located on the φ = 0◦ plane.
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Powers et al. - Fl. Inj. - φ = 60 deg.
LES - Fl. Inj. - φ = 60 deg.

135

130

130

125

125

120

120

SPL(dB/St)

SPL(dB/St)

135

115
110
105

115
110
105

100

100

95

95

90

90

85

10

-1

10

0

10

85

1

10

-1

St

135

135

130

130

125

125

120

120

115
110
105

1

110
105
100

95

95

90

90
-1

10

115

100

10

0

(b) 60 degrees

SPL(dB/St)

SPL(dB/St)

(a) 30 degrees

85

10

St

10

0

St

(c) 90 degrees

10

1

85

10

-1

10

0

10

1

St

(d) 120 degrees

Figure 3.67. Sound Pressure Level comparison for observer at 100 Dj
and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the nozzle with fluidic
injection. The observer is located on the φ = 60◦ plane.
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Figure 3.68. Overall Sound Pressure Level comparison for the nozzle
with fluidic injection, on the φ = 0◦ and φ = 60◦ planes, for observer
at 100 Dj .

Figure 3.69. Overall Sound Pressure Level variation for the nozzle
with fluidic injection, on the φ = 0◦ and φ = 60◦ planes, with respect
to the baseline nozzle case for observer at 100 Dj . The negative sign
of ∆OASPL indicates noise reduction.
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4. Effectiveness of the Fluidic Injection for a Heated Over-expanded Jet

In this chapter the analysis of the effectiveness of the fluidic injection as a noise reduction technique under more realistic conditions is presented. The heated jet simulates
the typical jet exit condition of a real jet engine, taking in account the increase of
temperature due to the combustion. Similarly to what done for the unheated case,
the analysis is first performed using RANS and the results are then used to set up
the LES simulations.

4.1

Simulations Set Up

The nozzle geometry is the same as the one introduced and described in section 3.1.
The nozzle with injectors has three lines of injectors equally spaced every 120◦ . Each
line is formed by two injectors: the first injector is oriented at 45◦ with respect the jet
axis; the second injector is blows air at 90◦ with respect to the jet axis (see Figure 3.1).
The CFD setup corresponds to the operating conditions used by Powers et al.
(2014) to directly compare numerical and experimental results. Also, the analysis
includes comparison with the unheated jet results presented in chapter 3. For simplicity, the operating conditions of both heated and unheated jets are reported in
Table 4.1. Here, the nozzle pressure ratio (NPR) defines the ratio between the total
pressure at the nozzle inlet and the ambient total pressure, the total temperature

155
ratio (TTR) is the ratio between the total temperatures at the nozzle inlet and the
ambient, and the injector pressure ratio (IPR) is the ratio between the total pressure
at the injector inlet and the ambient total pressure. The injectors are always unheated, hence they blow air at ambient temperature. The IPRs chosen for the heated
and unheated cases are the ones that give optimal noise reduction from the experiments in each case. The nozzle is operated in an off-design condition and generates
an over-expanded supersonic jet.
Table 4.1. Simulations parameters
Parameter

Unheated jet

Heated jet

1.65

1.65

22.47 mm

22.47 mm

Nozzle pressure ratio (NPR)

3

3

Total temperature ratio (TTR)

1

3

Injector/nozzle diameter ratio

0.059

0.059

Injector pressure ratio 1 (IPR1)

2.4

2.7

Injector pressure ratio 2 (IPR2)

3.7

3.0

Acoustic Mach number

1.33

2.30

7.2 × 105

2.4 × 105

Design Mach number
Nozzle diameter

Reynolds number

In order to set up the LES, a set of RANS simulations is first performed on the
jet with and without the injectors. The RANS results are used to define the initial
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conditions, as well as the mean inflow of the inflow boundary conditions for nozzle and
injectors. For both the RANS and the LES simulations, grid generation is performed
using the software Pointwise and the nozzle exit is located at x/Dnoz = 0.

4.1.1

RANS simulations

The RANS simulations are performed using ANSYS FLUENT v17.1. The density
based solver in its implicit form is used with the Advection Upstream Splitting Method
(AUSM) as the convective flux type. The turbulence model used is the k-ω SST
model. The operating conditions used for the analysis of the unheated and heated jet
are shown in table 4.2. A small free-stream velocity for the far-field is used to achieve
a faster convergence of the solution.
The RANS grid, used to analyze the heated jets, is completely structured for
the baseline case. For the fluidic injection case the mesh includes an unstructured
grid that defines the injectors. Interfaces are used to let the two grids communicate
information during the run. Details of the grids can be seen in Figures 4.1 and 4.2.
The size of the grids used for the heated jet are shown in table 4.3. It must be noted
that, for convergence issues, the grid for the heated case and the unheated case differ.
The unheated case grids are completely unstructured. The unheated jet simulations
details are described in the previous chapter. More information about the grid for
the unheated case and the boundary conditions used in the RANS analysis can be
found in subsubsection 3.1.1 and in table 3.2, respectively.
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Table 4.2. RANS - Operating conditions
Parameter

Unheated jet

Heated jet

Nozzle inlet total pressure

305150 P a

305150 P a

Injector 1 total pressure

244120 P a

274635 P a

Injector 2 total pressure

376352 P a

305150 P a

Freestream pressure

101008 P a

101008 P a

Freestream Mach number

0.1

0.1

Nozzle total temperature

298.08 K

894.24 K

Turbulence intensity

5%

5%

Viscosity Ratio

10

10

Table 4.3. RANS - Grid size for the heated jet analysis.
Study case

Number of cells (Millions)

Baseline round

16.5

Fluidic injection round

16.8
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Figure 4.1. RANS grid for the nozzle with (bottom) and without
(top) the injectors along a z = 0 plane.

(a) First injector

(b) Second injector

Figure 4.2. RANS grid at the injectors along a z = 0 plane.
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Assuming the RANS simulations run continuously 24 hours per day, they would
take about 3 days using 180 cores on the Vega cluster at Embry-Riddle Aeronautical
University (that uses 36-core Intel E5-2697 v4 processors).

4.1.2

LES - grid

The LES grid used in the present analysis is the same relatively coarse grid (21 M
points) used in chapter 3. It is a structured cylindrical grid, made of five nonoverlapping superblocks combined together. The grid does not have any point along
the centerline, and a special radial treatment is used to avoid the singularity (see
section 2.2). The grid points are clustered in the shear layer and boundary layer
regions. The same grid is used both for baseline and fluidic injection case. From the
RANS simulations, a boundary layer thickness of δ99 = 0.255Rj (Rj is nozzle exit
radius), same as the unheated case, is obtained at the LES nozzle inlet plane for both
the unheated and heated case. Thus, the y + values become smaller with respect to
the unheated case, i.e. y + = 36 and y + = 90 at the first grid point near the wall for
the heated and unheated cases, respectively, but these values are still within the wall
model guidelines. For more details on the grid see subsubsection 3.1.2.

4.1.3

LES - settings

The solver described in section 2.2 is used to perform the LES. The simulation
parameters defined in Table 4.4 are calculated using the RANS results and applying
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the isentropic relations based on Mach number. Here, pj and Tj are the reference jet
exit pressure and temperature. The ∆t combined with the use of 4 coarsening levels
in the point skipping method for the centerline treatment allowed us to have a CFL
number close to one.
Table 4.4. LES - simulation parameters
Parameter

Unheated jet

Heated jet

1.65

1.65

361948

237952

pj /p∞

0.655184

0.655184

Tj /T∞

0.6474587

1.942376

Tj∗

192.99 K

578.98 K

∆t∗

4 × 10−3 Rj∗ /Uj∗

4 × 10−3 Rj∗ /Uj∗

Design Mach number
Reynolds number (based on jet radius)

Table 4.5 reports the boundary conditions for the LES. The injector boundary
condition is used only for the fluidic injection case. It imposes the constant inflow,
while turning off the wall model BC at the injector exit locations points on the
nozzle wall. A sponge zone treatment is applied near the end of the domain to avoid
reflections as the flow crosses the outflow boundary. At the grid boundary points
that surround the centerline, there are no boundary conditions applied. Instead, the
centerline treatment (see section 2.2) is used to share the informations among the
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points. Along the azimuthal direction, the first and last point of the grid are not
connected. There, a periodic boundary condition is applied.
Table 4.5. LES - Boundary Conditions
Location

Boundary Conditions

Nozzle inlet

Digital filter generated turbulent inflow

Domain end

Tam and Dong outflow

Nozzle internal wall

Wall model

Nozzle external wall

No-slip isothermal hard wall (resolved)

Outer boundaries

Dong radiation

Injectors exit

Constant inflow

The heated jet case presents strong gradients of density at the nozzle exit, due
to the high temperature of the jet core and the colder ambient air, that generated
instabilities. A localized application of the characteristic filter was enforced in order
to damp out any strong fluctuation (see details in Appendix B).

4.1.4

LES - Acoustics settings

The FWH method is used to perform the acoustic analysis of the jet (see section 2.2). The same set of four acoustic data surfaces (ADS) presented in subsubsection 3.1.2 (shown again in Figure 4.3) has been used. The grids are the same ones
used in the analysis of unheated jets. The surface numbers from one to four describe
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the surfaces from the tightest to the loosest. Surfaces one and four follow the LES
grid distribution around the jet, while surfaces two and three are telescopic surfaces.
From the previous analysis (see subsection 3.3.1) it has been found that the tightest
surface gives the best acoustic results and shows the highest cut-off frequency among
the four acoustic data surfaces. All the ADS have an end cap placed before the beginning of the sponge zone, and at these locations the end cap treatment by Ikeda et
al. (2013, 2017) is applied.

Figure 4.3. Acoustic data surfaces for the FWH method with instantaneous vorticity magnitude, |~ω |Rj /Uj , contours. The red one is
surface one, the orange is surface two, the green is surface three and
the blue is surface four. The x and y axes are non-dimensionalized
with respect to the jet exit radius.

Similarly to what done for the unheated jet, the acoustic data are sampled on the
ADS every 25 iterations, namely at a ∆ts = ∆t∗s Rj∗ /Uj∗ = 0.1. This is in order to
have a maximum Strouhal number, due to time sampling, of
Stmax =

1
= 10
∆ts

(4.1)
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It must be recalled that the Strouhal number presented here is based on the jet
diameter, while the non-dimensionalization of the LES parameters is obtained using
the jet radius as a reference length.
Following the suggestion of Mendez et al. (2009), as done for the unheated jet,
we collect data for a non-dimensional period of T = T ∗ Rj∗ /Uj∗ = 1340, to ensure the
capturing of a minimum well resolved Strouhal
Stmin ' 0.015

(4.2)

Table 4.6 shows the grid cut-off frequency at different observer angles for the
heated and the unheated jet.
Table 4.6. FWH - Grid frequency cut-off. The results are expressed
in terms of Strouhal number for the sound propagation directions at
30◦ , 60◦ , 90◦ and 120◦ .
Observer angle

Cut-off St (Unheated)

Cut-off St (Heated)

30◦

1.02

0.59

60◦

2.54

1.47

90◦

3.87

2.23

120◦

2.38

1.37

The LES code run typically for 162, 000 time-steps for the transient calculations
and then for additional 335, 000 time-steps for collecting the statistics and the acoustics, corresponding to a total of 8.4 and 10 flow through times for the heated jet and
the unheated jet, respectively. Assuming the simulations run continuously 24 hours
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per day, the simulations would take about 14 days using 96 cores on the Rice cluster
at Purdue University (that uses 10-core Intel Xeon E5 processors). No differences in
the simulation speed were seen while moving from the baseline to the fluid injection
case. Assuming the simulations run continuously 24 hours per day, the simulations
on the coarse grid would take about 14 days using 96 cores on the Rice cluster at
Purdue University (that uses 10-core Intel Xeon E5 processors). No differences in
the simulation speed were seen while moving from the baseline to the fluidic injection
case.

4.2

Results: Flow-field

This section presents an analysis of the results obtained by using the LES solver
described in Sec. 2.2. The first part of the analysis focuses on the flow-field characteristics in order to identify the effect of both the injectors and the temperature. The
second part of the analysis describes the acoustic results, with comparisons similar
to those performed for the flow-field. Due to the lack of experimental results of the
flow-field for the heated jet cases, only a comparison of the numerical outcome with
our previous results for unheated jets (sections 3.2 and 3.3) is presented. On the
other hand, the acoustic analysis includes a comparison with the experimental results
presented in Powers et al. (2014). For the fluidic injection case, two azimuthal planes
are analyzed. Following the experimental notation, we have a plane in line with the
injectors, defined by the azimuthal angle φ = 0◦ , and a plane located between two
lines of injectors, defined by the angle φ = 60◦ .
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4.2.1

Baseline nozzle

Figures 4.4 to 4.7 show the profiles of axial velocity, Mach number, and turbulent
kinetic energy (TKE) obtained from RANS and LES calculations for jets under both
heated and unheated conditions. The profiles presented are for nozzles with and
without injectors. The RANS results are directly extracted along the centerline,
while the LES outcome is averaged over the points surrounding the centerline. The
data on different axial planes is averaged over 16 azimuthal locations for the baseline
nozzle, and over 3 azimuthal locations for the fluidic injection case, the latter because
of the periodicity generated by the injectors.

LES vs. RANS

The non-dimensional axial velocity profiles in Figure 4.4 show that for all the
cases there is agreement between the RANS and the LES results, the latter showing generally smoother trends. This can be clearly seen in the first two planes of
Figure 4.4(b). The solutions have different levels of axial velocity near the centerline, due to the different predictions of the shock-cell locations. Indeed, depending
on the position of the shocks with respect to the planes analyzed, the velocity can
either increase or decrease. The Mach number profiles along the centerline confirm
this hypothesis (see Figure 4.5). The LES predict shock-cells located more upstream
than the corresponding RANS solutions. Also, in the LES the shocks appear to be
stronger and the potential core is shorter. All of the simulations show the presence
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of a Mach disk near the nozzle exit. As expected, because of their different methods
of simulating turbulence, RANS and LES show larger differences for the TKE levels
(see Figures 4.6 and 4.7). The RANS calculations model the turbulence, while the
LES resolve the larger turbulent scales and, in our approach, implicitly model the
finer scales. The LES show higher values of TKE near the nozzle, while the RANS
simulations have higher peak values further downstream. Once again, the LES results
appear to be smoother than the RANS results. Moreover, the RANS appear to be
unable to capture the spikes of TKE due to the shocks. The TKE increase induced
by the shocks is shown in the LES results of Figure 4.7.

Effect of the temperature

The last part of the flow-field analysis is the comparison between heated and
unheated jets in order to identify the effect of temperature on the jet. It must be noted
that the jets are operated under the same nozzle pressure ratio on a geometry with
fixed area ratio, and only the jet temperature is modified. This means that between
heated and unheated conditions the jet exit Mach number is not varied. An increase
of temperature leads to higher speed of sound, hence, for a fixed Mach number, the
velocity increases too. On the other hand, the Reynolds number is reduced due to the
increase of kinematic viscosity, which at higher temperatures, becomes larger than
the corresponding velocity increment. The Reynolds number varies from 7.2 × 105
for the unheated case to 2.4 × 105 for the heated case. The Reynolds number for the
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(a)

(b)
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(c)

Figure 4.4. Non-dimensional axial velocity profiles at different axial
locations: a) baseline nozzle; b) fluidic injection along the azimuthal
plane at φ = 0◦ ; c) fluidic injection along the azimuthal plane at
φ = 60◦ . The red lines show the heated results while the blue lines
are for the unheated jet. Solid lines are used for LES and dashed lines
for RANS results.
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(a)

(b)

Figure 4.5. Mach number distribution along the centerline: a) baseline
nozzle; b) fluidic injection. The red lines show the heated results while
the blue lines are for the unheated jet. Solid lines are used for LES
and dashed lines for RANS results.
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(a)

(b)
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(c)

Figure 4.6. Non-dimensional turbulent kinetic energy profiles at different axial locations: a) baseline nozzle; b) fluidic injection along the
azimuthal plane at φ = 0◦ ; c) fluidic injection along the azimuthal
plane at φ = 60◦ . The red lines show the heated results while the
blue lines are for the unheated jet. Solid lines are used for LES and
dashed lines for RANS results.
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(a)

(b)

Figure 4.7. Non-dimensional turbulent kinetic energy distribution
along the centerline: a) baseline nozzle; b) fluidic injection. The red
lines show the heated results while the blue lines are for the unheated
jet. Solid lines are used for LES and dashed lines for RANS results.
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heated case is below the suggested (Viswanathan, 2004) threshold value, to make the
spectra insensitive to variation of the Reynolds number.
In Figure 4.4 it can be seen that the effect of increasing the temperature leads
to lower values of non-dimensional axial velocity. It must be noted that, in terms
of dimensional velocity, the heated jet would correspond to higher magnitudes. The
profiles for heated jets are smoother than the unheated results. This behavior is
associated with the fact that heating the jet leads to a shorter potential core, as
shown in Figures 4.5 and 4.7.
Looking at the Mach number distribution along the centerline in Figure 4.5, it
can be seen that a variation in temperature does not change the shock-cell structures.
Indeed, for a fixed nozzle geometry, the shocks are dependent only on the nozzle
pressure ratio. For the baseline case, the number of shock-cells and their intensity do
not vary in heated and unheated conditions. Only near the end of the potential core,
the shock-cells are shifted upstream as the nozzle gets heated. It can be also observed
that an increase of temperature results in a shorter potential core, as also suggested
by Hall and Glauser (2009) and Shea et al. (2017). For the nozzle with injectors the
differences between heated and unheated jets are smaller. The shock locations and
intensity are very close. This could be connected to the fact that the injectors blow
cold air into the jet that attenuates the differences in temperature with the unheated
case. Minor deviations of the results between heated and unheated jets with fluidic
injection are expected, given that the injector pressure ratios are slightly different.

174
The TKE profiles in Figure 4.6 show a more noticeable dependency on the temperature. Indeed, for both baseline and fluidic injection cases, the hotter jet has a
higher diffusion of the TKE as it convects downstream, spreading more towards the
centerline than the colder jet does. The higher temperatures of the jet plume with
respect to the surrounding air make the flow more energetic, and therefore, more
turbulent in the potential core region. Indeed, the flow shows higher TKE levels in
the hotter side of the shear layer with respect to its colder side. This hypothesis
appears to be supported by the TKE along the centerline, where in comparison to
the unheated jets, the heated jets show higher values of TKE up to the peak value
(see Figure 4.7). Furthermore, the heated jets show a steeper increase of TKE with
respect to their colder counterparts.

4.2.2

Nozzle with injectors

Now we analyze the effect of the injectors on the jet physics. Comparing the three
graphs in Figure 4.4, it is possible to see how the injectors push the jet plume, creating
an asymmetry with respect to the centerline. The plane with injectors (figure 4.4(b))
generally has lower values of axial velocity, while the plane in between two lines of
injectors (figure 4.4(c)) has higher values of axial velocity compared to the baseline
nozzle. This effect is caused by the injectors shifting radially and deforming the
potential core. This phenomenon is clearly depicted in the Mach number contour
plots of Figures 4.8 and 4.9. Analyzing together Figures 4.5, 4.8, and 4.9, it can be
seen that the injection of air into the nozzle breaks down some of the shock structures
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into smaller and weaker shocks. This also affects the shock-cells further downstream,
making them less intense. Furthermore, the fluidic injection shortens the potential
core by about one nozzle diameter.
The TKE profiles (figure 4.6) show how, near the nozzle exit for the φ = 0◦ plane,
the mixing caused by the injectors leads to an increase of the area with high TKE
levels. This can be also observed in Figure 4.10. Looking at the planes near the nozzle
exit in Figure 4.11, it can be seen that the injectors create circles with high TKE levels
that are convected downstream. On the φ = 60◦ plane (figure 4.6), the TKE trend
is similar to the baseline case with lower levels of TKE at the nozzle lips. Because
the injectors push away the jet plume, the propagation of the TKE is directed more
outward from the centerline along the radial direction, with respect to the baseline
case. Because of the particular design, the jet plume diffuses downstream following a
triangular shape (see Figure 4.11). It must be noted also that the regions of highest
TKE aligned with the injectors become regions of low TKE further downstream.
Looking at Figure 4.7, it can be deduced that the use of the injectors generates
a steeper increase of TKE along the centerline connected to the potential core shortening. The shocks near the nozzle exit show higher peaks, while the shocks further
downstream show lower peaks compared to the baseline case. These phenomena
are caused by the breakdown of the shocks, as well as the reduced strength of the
shock-cells.
Figure 4.12 shows the instantaneous contours of dilatation. The injectors break
down the shock-cells into more and smaller shocks. The orientation of the shocks
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is also altered. The overall effect is to directly affect the mechanisms that generate
the broadband shock associated noise (BBSAN) and to reduce the sound emission.
Furthermore, it can be seen that, in the right half of both plots, the waves are less
intense for the fluidic injection case, especially along the plane in between two lines of
injectors (i.e. bottom half of both graphs). This, suggests a reduction of the intensity
of the large-scale structures. On the other hand, the waves generated near the nozzle
lip region, aligned with the injectors, appear to be stronger than what is shown in
the baseline case.
In order to complete the analysis of the effect of the fluidic injection we present
the change in the thrust due to the injectors. For a jet operating in over-expanded
conditions the thrust equation is:
Z
T =
Ae

ρe u2e

Z
(pe − pa ) dA

dA +

(4.3)

Ae

The thrust results indicate an increase of 0.2% when the injectors are used, showing
an opposite trend compared to the unheated case, where the thrust was found to be
reduced by about 0.7%. A possible reason could be connected to the fact that the
injectors blow cold air into the hot stream. Hence, the density ratio of injected to
jet stream air is higher than for the unheated jet. Also, the density of the mixed
flow is increased downstream of the injectors, and the velocity is reduced because the
jet stream encounters a denser region leading to a decrease of the first integral with
respect to the baseline case. On the other hand, the pressure becomes higher downstream of the injectors because of the slowdown caused by the cold air. Therefore,
the second integral, which gives a negative contribution to the thrust (since the jet is
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(a) Baseline

(b) Fluidic injection

Figure 4.8. Mach number contour plots for the round baseline nozzle
and the nozzle with fluidic injection in the z = 0 plane. The x and y
axes are non-dimensionalized with respect to the jet exit radius.
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(a) Baseline

(b) Fluidic injection

Figure 4.9. Jet development comparison of the baseline and fluidic
injection case. Mach number contours over different axial planes.
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(a) Baseline

(b) Fluidic injection

Figure 4.10. Non-dimensional turbulent kinetic energy (T KE/u2j )
contour plots for the round baseline nozzle and the nozzle with fluidic
injection in the z = 0 plane. The x and y axes are non-dimensionalized
with respect to the jet exit radius.
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(a) Baseline

(b) Fluidic injection

Figure 4.11. Jet development comparison of the baseline and fluidic
injection case. Non-dimensional turbulent kinetic energy (T KE/u2j )
contours over different axial planes.
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(a) Baseline

(b) Fluidic injection

Figure 4.12. Instantaneous non-dimensional velocity dilatation contour plots for the round baseline nozzle and the nozzle with fluidic injection in the z = 0 plane. The x and y axes are non-dimensionalized
with respect to the jet exit radius.
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over-expanded), reduces its magnitude. The variation of the first integral is smaller
than the variation of the second one, so the thrust slightly increases. Also, it must
be taken into account also that the unheated case has different operating conditions
for the injectors. As done for the unheated case the specific thrust variation is estimated. This analysis shows that activating the injectors causes a specific thrust loss
of about 3.8%. The thrust penalty is larger (about 1.4 percentile points) than using
the injectors for the unheated jet.

4.3

Results: Acoustics

The second part of the analysis focuses on the acoustic results. The spectra
are averaged over three azimuthal locations 120◦ apart from each other, in oder to
have a consistent comparison between baseline and fluidic injection case. The results
shown are obtained using only the tighter ADS described in subsection 4.1.4 (i.e.
what called surface one in Figure 4.3), as it produces the most accurate results (see
subsection 3.3.1 for more details).
The acoustic results are shown in Figures 4.13 to 4.19. It must be noted that
the experimental data, for the fluidic injection case, are available only along the
azimuthal plane at φ = 60◦ where the injectors are more effective in reducing the
noise emitted (Powers et al., 2013; Coderoni et al., 2017). Figures 4.13 and 4.14 show
the comparison side by side of the spectra for heated and unheated jet, at different
observer locations for φ = 60◦ , of the baseline case and the nozzle with injectors,
respectively. Figures 4.15 and 4.16, show the spectra and the OASPL of the nozzle
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with and without the injectors for the heated case, with a comparison of numerical
and experimental results. The results on the azimuthal plane φ = 0◦ are shown in
Figures 4.17 and 4.18. Last, the noise variation is shown in Figure 4.19. The distance
between the nozzle exit and the observers is equal to 100 nozzle diameters. The
spectra are presented for observer angles equal to 30◦ , 60◦ , 90◦ , and 120◦ .

4.3.1

Effect of the temperature

The spectra in Figures 4.13 and 4.14 clearly show the main features of the effect
of the temperature, while maintaining a constant exit Mach number. As discussed
above, the sound pressure levels (SPL) increase as the jet velocity increases with the
temperature, and the noise emitted is known to be proportional to a high power (∼ 8)
of the velocity. All the frequencies are affected, especially the lower frequencies that
appear to be increased the most. The effect of the temperature on the spectra seems
to be similar for both baseline and the fluidic injection case. The LES results appear
to be in better agreement with the experimental spectra at observer angles 30◦ and
60◦ for the unheated jet, and 90◦ and 120◦ for the heated jet. The screech tones
(shown in the experimental results in Figure 4.13) show a significant reduction in
intensity (when moving from an unheated to a heated jet), and the screech frequency
appears to be somewhat lower. Furthermore, heating the jet also affects the direction
of maximum noise propagation. For the baseline case, the propagation angle for
maximum noise increases from about 25 − 30◦ (see subsection 3.3.1) to about 45 − 50◦
(see Figure 4.16).
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(a) Unheated - 30◦

(b) Heated - 30◦

(c) Unheated - 60◦

(d) Heated - 60◦
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(e) Unheated - 90◦

(f) Heated - 90◦

(g) Unheated - 120◦

(h) Heated - 120◦

Figure 4.13. Sound Pressure Level comparison for an observer at
100 Dj and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the baseline nozzle.
The left column shows the results for the unheated jet, while the right
column shows the results for the heated jet.
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(a) Unheated - 30◦

(b) Heated - 30◦

(c) Unheated - 60◦

(d) Heated - 60◦
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(e) Unheated - 90◦

(f) Heated - 90◦

(g) Unheated - 120◦

(h) Heated - 120◦

Figure 4.14. Sound Pressure Level comparison for an observer at
100 Dj and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the nozzle with
injectors, on the φ = 60◦ azimuthal plane. The left column shows the
results for the unheated jet, while the right column shows the results
for the heated jet.
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4.3.2

Baseline case

Here a description of the baseline case for the heated jet is reported. The analysis
focuses on the comparison of the LES results with the experimental spectra, in order to
asses the capability of the LES solver in simulating heated jets. Please, see chapter 3
for a detailed analysis of the results for the unheated jet. Figure 4.15 presents the
results for the heated jet with and without injectors, for an easier comparison in the
next point of the analysis. The baseline results are shown in the left part of the figure.
The baseline nozzle has high noise levels in the range of angles between 20◦ and 60◦ ,
and the stronger noise is associated with the lower frequencies. The larger turbulent
scales appear to be very efficient in generating sound under heated conditions. On
the other hand, at larger observer angles it can be seen that the spectra show the
typical BBSAN peak located at high frequencies. Furthermore, the spectra show a
flat trend at lower frequencies at these observer angles.
The LES show similar trends to the experimental results for the spectra at the
various observer angles. The LES under-predict the SPL levels at low frequencies,
mostly at smaller angles, where the differences between numerical and experimental
results are large and can be up to about 5 dB at specific frequencies. The differences
seen in the unheated jet at high frequencies are reduced in the heated case. The only
exceptions are at the shallow angles (e.g. θ = 30◦ ), where the LES appear also to
under-predict the higher frequencies.
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Figure 4.16 shows the overall sound pressure level (OASPL) for the heated jet.
The LES results follow closely the experimental results especially in the range of
observer angles from 50◦ to 105◦ , where the difference between the results is about
1 dB. The LES under-predict the OASPL at small angles. Indeed for angles lower
than 50◦ the discrepancy goes from 2 dB up to about 5 dB. The LES results do not
properly capture the energy levels of the larger turbulent scales for the heated jet.
Furthermore, the small difference of about 2 dB at angles around 120◦ is due to the
under-prediction of the spectra levels at high frequencies. This could be connected to
the relatively coarse grid that does not have enough resolution to resolve the smaller
scales involved in the generation of high frequency noise.

4.3.3

Effect of air injection

The analysis of the effectiveness of fluidic injection as a noise reduction strategy
is described here. As seen for the baseline case, the LES under-predicts the SPL at
low frequencies (see right column of Figure 4.15). On the other hand, it over-predicts
the levels at higher frequencies for specific angles (e.g. 60◦ and 90◦ ). Looking at the
OASPL in Figure 4.16, it can be noted that the peak noise present in the baseline
case is strongly reduced by the use of the injectors. This could be attributed to a
modification of the large-scale turbulent structures due to the air injection. These
structures seem to be weakened by the fluidic injection and the noise generated is
reduced. Also, the injectors reduce the BBSAN by directly affecting the mechanisms
that generate it through breaking down the shock-cells inside and near the nozzle and
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reducing the intensity of the shock-cells further downstream (see Figure 4.12). The
effect of turning on the injectors is a reduction of BBSAN at observer angle 120◦ and
a significant cancellation of the BBSAN noise peak at 90◦ (see Figure 4.15). However,
no significant overall noise reduction is obtained at these angles. It must be noted that
the injector pressure ratios are chosen at the operating condition for the optimal peak
noise reduction (Powers et al., 2014). The agreement with the experimental results is
better for the fluidic injection case than the baseline case. The maximum discrepancy
in the OASPL is about 2 dB. Overall the LES results for fluidic injection predict
slightly higher levels of OASPL compared to the experimental results. This, is the
opposite trend to what is shown in the baseline case, where the LES under-predicts
the OASPL.
Similarly to what seen for the unheated jet (subsection 3.3.5), the injectors have
a mixed effect on noise along the plane in line with injectors (φ = 0◦ ). Due to the
lack of experimental results along this azimuthal plane, Figure 4.17 shows a direct
comparison of the LES results for baseline and fluidic injection case. It can be seen
that the noise reduction is limited, e.g. the BBSAN peak is reduced but the sound
levels of the higher frequencies are increased using the injectors. Furthermore, it is
expected to have noise increase for certain angles. Indeed, Figure 4.17(b) shows that
the nozzle with injectors has higher sound levels for the mid to high frequencies than
the baseline nozzle.
Figure 4.18 shows a comparison of the numerical results between the nozzle with
and without injectors. For the case with injectors the results are presented both on
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a plane in line with injectors (φ = 0◦ ) and a plane in between two injector lines
(φ = 60◦ ). As described above the noise is reduced on the plane at φ = 60◦ at most
observer angles, while on the plane at φ = 0◦ the noise is slightly reduced at small
observer angles up to the peak noise direction. Past this angle the noise emitted
becomes up to about 2 dB louder than the baseline case. This, can be related to the
stronger waves propagating from the nozzle exit, near the lips, downstream of the
injectors (see Figure 4.12).
Looking at the variation of the OASPL shown in Figure 4.19, we can detect the
effectiveness of the fluidic injection for noise reduction for heated jets. Along the
azimuthal plane in line with the injectors (φ = 0◦ ), the fluidic injection has a little
impact for the observer angles smaller than 52◦ and larger than 118◦ , where the noise
reduction is less than 1 dB. Between 52◦ and 118◦ the injectors increase the noise
levels, with a peak of about 2 dB at 60◦ . On the other hand, along the azimuthal
plane in between two injectors (φ = 60◦ ), the fluidic injection reduces the noise for
almost all the angles. Our computational results show that the peak noise is reduced
by about 3 db. The LES results show lower noise reduction than the experimental
results. This can be attributed to the fact that the baseline OASPL is under-predicted
and the OASPL for the fluidic injection case is slightly over-predicted. Hence, the
resulting ∆OASPL is smaller than what is observed in the experiments. The trend of
noise reduction is similar to what shown in the experimental results, with the largest
noise reduction obtained along the direction of maximum sound propagation. Noise
reduction is obtained at most observer angles.
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(a) Baseline - 30◦

(b) Fl. Inj. - 30◦

(c) Baseline - 60◦

(d) Fl. Inj. - 60◦
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(e) Baseline - 90◦

(f) Fl. Inj. - 90◦

(g) Baseline - 120◦

(h) Fl. Inj. - 120◦

Figure 4.15. Sound Pressure Level comparison for an observer at
100 Dj and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the heated jet. The
left column shows the results for the baseline case, while the right
column shows the results for the fluidic injection case.
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Figure 4.16. Polar distribution of the Overall Sound Pressure Level for
observers at 100 Dj . Comparison between numerical and experimental results for the baseline nozzle and the nozzle with fluidic injection,
on the φ = 60◦ plane.
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(a) 30◦

(b) 60◦

(c) 90◦

(d) 120◦

Figure 4.17. Sound Pressure Level comparison for an observer at
100 Dj and at angles of 30◦ , 60◦ , 90◦ and 120◦ for the heated jet. The
results show the baseline case and the results for the fluidic injection
case along the φ = 0◦ azimuthal plane.
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Figure 4.18. Polar distribution of the Overall Sound Pressure Level
for observers at 100 Dj . Comparison of the numerical results between
baseline nozzle and nozzle with fluidic injection, on the φ = 0◦ and
φ = 60◦ planes.
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Figure 4.19. Variation of the Overall Sound Pressure Level for an
observer at 100 Dj . The negative sign of ∆OASPL indicates noise
reduction.
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Given that the noise emitted in the peak noise direction is generated at mid-low
frequencies, it is hypothesized that the injectors affect the large-scale structures of the
turbulence. In order to better understand what the mechanisms are that lead to the
peak noise reduction, we analyze the flow using the Q-criterion to identify the larger
turbulent structures. In Figure 4.20 (which shows the large scales) it can be seen that
the effect of the injectors is to reduce the number of large coherent structures that are
more distant (along the radial direction) from the jet axis. Furthermore, Figure 4.21
(which shows the small scales) indicates that the injectors generate additional small
vortical structures that grow and develop inside the potential core region and then mix
with the shear layer. These small scale structures could be connected to the increase
of SPL at the higher frequencies shown in the spectra at large observer angles.
Overall, the LES results are in good agreement with the experimental results.
The results show that the injectors affect the mechanisms that generate BBSAN
by breaking down the shocks into smaller structures and reducing the intensity of
the shocks downstream of the nozzle exit as well as reducing the number of large
scale structures. Furthermore, the injector operating conditions are set in order to
obtain optimal peak noise reduction. The LES results show that the reduction of the
OASPL is obtained at almost all observer locations (see Figure 4.19). The maximum
noise reduction by about 3 dB is obtained along the principal direction of the sound
propagation (i.e. about 50◦ ), on the azimuthal plane φ = 60◦ in between the injectors.
Fluidic injection appears to be an effective strategy for noise reduction. This
strategy has the advantage of being used by simply turning on the injectors only
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when needed (e.g. at take-off), without affecting the performance during the entire
flight.

(a) Baseline - side view

(b) Baseline - rear view

(c) Fl. Inj. - side view

(d) Fl. Inj. - rear view
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Figure 4.20. Q-criterion iso-surfaces for Q = Q∗ (Uj∗ /Rj∗ )2 = 0.01 for
the nozzle with and without injectors. The iso-surfaces are shown only
along half of the domain for a clearer visualization. Circles (for the
baseline case) and squares (for the fluidic injection case) are added to
identify the larger structures that are more distant from the jet axis.

(a) Baseline - nozzle exit region

(b) Baseline - close up

(c) Fl. Inj. - nozzle exit region

(d) Fl. Inj. - close up

Figure 4.21. Q-criterion iso-surfaces for Q = Q∗ (Uj∗ /Rj∗ )2 = 10 for
the nozzle with and without injectors. The left pictures show a region
near the nozzle exit and the pictures on the right show a close up
where one line of injectors is located. The iso-surfaces are shown only
along half of the domain for a clearer visualization.
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5. Conclusions and Future Work

5.1

Conclusions

The goal of the present research is to study computationally the noise reduction
effectiveness of fluidic injectors for supersonic jets exiting military-style nozzles. The
noise reduction technique, originally developed at the Pennsylvania State University,
is tested on jets operated in off-design conditions, i.e. over-expanded, to simulate the
typical nozzle conditions during the take-off maneuver. The analysis is performed
first on an unheated jet and then extended to a heated jet to simulate more realistic
conditions. A set of RANS and LES calculations has been performed on a baseline
nozzle and a nozzle with injectors and validated with the results of experiments and
RANS simulations performed at the Pennsylvania State University.
A high-order structured LES code, developed at Purdue University, has been used
to perform the LES analysis. The code can use Cartesian and cylindrical grid topologies and uses a superblock-based approach combined with a SPIKE algorithm solver
for efficient parallelization. Radiation boundary conditions on the outer boundaries
and a sponge zone at the end of the domain are used in order to avoid any spurious
reflections of the acoustic waves. A digital filter turbulent inflow is used to simulate
the jet inflow. In order to limit the total number of grid points and reduce the com-
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putational cost, a wall model is applied inside the nozzle. The injectors are simulated
through a constant inflow boundary condition applied at the injector exit locations.
A set of RANS is performed to have an initial understanding of the problem and
the phenomena involved, and to set up the LES runs. The mean inflow for the digital
filter boundary condition and the inflow boundary condition for the injectors utilize
the RANS solution. Furthermore, the RANS results are used to set up the initial
conditions of the LES.
The acoustic results are obtained through the porous Ffowcs Williams-Hawkings
method combined with the formulation introduced by Ikeda et al.(Ikeda et al., 2013,
2017) for the end cap treatment, for improved accuracy. Four acoustic data surfaces
are used. A preliminary analysis shows that the FWH method is not sensitive to the
surface location and that the tightest surface gives the best acoustic results.
The first part of the research involved the analysis of the unheated jet. The RANS
are performed on the original multifaceted nozzle geometry and on a round nozzle,
both tested with and without the injectors. The results, in relatively good agreement
with the experimental results, show that the two geometries generate a similar flowfield and that the analysis can be simplified using the round nozzle. Furthermore, the
effect of the initial turbulence levels at the pressure inlet boundary condition is tested.
Doubling or halving the defaults turbulence intensity settings in ANSYS-Fluent has
an almost negligible effect on the jet development.
The LES analysis is performed to have a more accurate solution of the flowfield and to get the far-field acoustics. The initial study of the baseline case focuses
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on the analysis of the differences between the multifaceted and round geometry, the
dissipation of the characteristic filter, and the effect of grid refinement. The numerical
results follow the trend shown by the experimental results, with an overall good
agreement.
The comparison between the round axisymmetric nozzle and the multifaceted nozzle is performed to analyze the effect of the geometry on the acoustic field. Similarly
to what seen in the RANS results, the two geometries generate similar flow-fields,
and that produce similar acoustic fields that differ by about 1 dB. This result is used
to simplify the set up of the other LES (e.g. the use of a cylindrical grid).
The characteristic filter used for shock capturing is found to be dissipative and
applying it more than 2 times affects the solution. The higher dissipation modifies
the resolution of the shock-cells, reduces the turbulence levels exiting the nozzle and
thus affects the noise imprint of the jet. The OASPL, indeed, is reduced at low and
high angles and the main direction of sound propagation is modified from about 30◦
to about 60◦ .
Refining the grid increases the resolution of the small turbulent scales and makes
the locations of the shock-cells more accurate. The quality of the results is still
limited by the additional applications of the characteristic filter, that were needed
for the fine grid. The jet has a slower spreading, with a longer potential core and
lower TKE levels, and makes less noise than the coarse grid cases. The higher grid
resolution improves the acoustic levels mostly at large observer angles where the high
frequencies are dominant.
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The LES results include also the analysis of a round nozzle with injectors and their
impact on noise and flow-field. The trend of noise reduction due to the use of the
injectors is well captured. The results show that the injectors break down the shocks
into smaller structures affecting the shape and the intensity of the shocks downstream
of the nozzle exit. This causes a reduction of the interaction between the shear-layer
and the shock-cells. Hence, the BBSAN is reduced with respect the baseline nozzle
case, so that a positive reduction of the OASPL at most of the observer locations is
obtained. The LES results show a reduction by more than 1.5 dB along the principal
direction of the sound propagation (i.e. about 25◦ ). This induces a consequent change
in the loudest angular location (i.e. about 60◦ ) on the azimuthal plane in line with
the injectors. The maximum noise reduction of about 3 dB happens in the azimuthal
plane φ = 60◦ , in between the injectors, at observer angle of about θ = 55◦ .
Then, the analysis is extended to heated jets to simulate and analyze the effectiveness of the fluidic injection to reduce the noise under more realistic operating
conditions. The study of the heated jets is divided in two parts that focus on the
flow-field aerodynamics and on the far-field acoustics, respectively. The flow field
analysis shows a comparison of the LES and RANS results, an investigation of the
effect of temperature on the jets, and a study of the effects of fluidic injection. LES
and RANS results compare well and show similar trends. The effect of heating the jet
is to modify the jet spread rate especially for the TKE. Heating the jet also leads to
a shorter potential core and higher levels of TKE along the centerline. On the other
hand, the shock-cells do not seem to be affected, because the nozzle pressure ratio is
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kept constant, and therefore the operating Mach number. These results apply both
to nozzles with and without injectors. It is demonstrated that the fluidic injection
has still the potential of affecting the flow, breaking down the shock-cells into weaker
shocks, and modifying the potential core shape and the jet development. The acoustic
analysis focuses on the effect of temperature and use of injectors on the jet noise levels. As temperature increases the sound pressure levels increase, the intensity of the
screech tones is reduced and the direction of maximum sound propagation is shifted
from about 30◦ to about 50◦ . The fluidic injection reduces the BBSAN through the
breakdown of the shock-cells and modifies the larger turbulent scales resulting to a
reduction of the peak noise. The numerical results compare well with the trends
shown by the experimental acoustics. The noise reduction is under predicted because
the baseline case have OASPL values lower than the experimental results at shallow
and large observe angles. The maximum noise reduction estimated is about 3 dB
along the peak noise direction, on a plane in between two lines of injectors. On that
same plane, the fluidic injection also shows the potential of reducing the noise at most
observer angles. Overall, the LES results are in good agreement with experimental
results. The trends are well captured for the flow field and the acoustics.
Looking at the results of heated and unheated jets it is possible to identify a
pattern in the way that the injectors affect the flow-field and reduce the noise. In
particular two mechanisms for noise reduction can be identified:
• the breakdown of the shock-cells affecting the interaction with the turbulent
shear layer and thus the mechanisms that generate BBSAN;
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• the generation of additional eddies by the injectors that interact with the shear
layer and modify the development of the larger turbulent structures that generate the peak noise.
The thrust variation due to activating the injectors is also analyzed for the heated
and unheated jet conditions. The thrust appears to be slightly reduced for the unheated jet, by about 0.7%, while the heated jet shows a small increase of thrust, by
about 0.2%, due to the injectors. The different trend is attributed to the different
injector pressure ratios used for the two test cases that leads to a different penetration
effect into the jet plume. However, taking into account that the injectors are adding
mass flow rate to the main jet stream, the specific thrust appears to be a parameter
that gives a better estimate of the thrust variation. Both the jets show a specific
thrust reduction of about 3% when the injectors are used, i.e. 2.4% for the unheated
case and 3.8% for the heated case.
The present analysis shows that fluidic injection is a valuable noise reduction
strategy, thanks to its effectiveness and to the possibility of turning on the injectors
only when needed without affecting aircraft performance during the entire flight.
Fluidic injection has a demonstrated noise reduction potential for both unheated jets
and heated jets.

5.2

Suggested Future Work

In this section some topics are suggested for future research. The different topics
are reported here in a list with a brief description of the suggestion and the reasons:
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1. Code enhancements
• Use an improved wall model - The use of a wall model that takes
into account the pressure gradients in the nozzle may help to predict more
accurately the turbulence and stresses near the wall. This would change
the nozzle exit conditions, with a possible more accurate estimate of the
shear layer development and of the noise emissions.
• Introduce turbulence for the injectors boundary condition - The
application of fluctuations to the injectors boundary conditions would help
to make the boundary conditions more realistic. A similar approach as the
one used for the digital filter based turbulent inflow could be used. A
higher resolution of the grid at the injectors exit would be required due to
the small size of the injectors.
• Introduce the injectors geometry - This would require a substantial
modification of the code, due to the actual communication among the
superblocks. The introduction of the injectors geometry would make the
solver more flexible, giving the possibility to quickly analyze different operating conditions ”on the fly” requiring only a single RANS for the start-up
of the LES runs. It would also allow to study the transient and the mechanisms involved once the injectors are turned on.
• Improve the ability of the solver to handle standing shocks The simulation of the round jet on fine grid showed that when strong
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standing shock-waves are present in the flow-field instabilities can arise
and disrupt the run. In the present research it was found that applying
additional times the characteristic filter damps out the instability, but also
introduces excessive dissipation, affecting the quality of the results. A
different characteristic filter could be tested to verify if it would avoid the
instability, while introducing less dissipation.
• Improve the handling of strong density gradients - Another source
of instability found is the presence of strong density gradients, typically
present when analyzing hot jets. A different order of the numerical scheme
adopted for the points near the isothermal wall boundary condition could
avoid the instability to arise. A different approach could be to use a less
dissipative filter to damp the instability without affecting the energy of
the larger turbulent scales that form in the turbulent shear layer. Another
possible approach could be to have locally more damping from the spatial
filters without applying the characteristic filter.
• Introduce new spectral analysis tools for the acoustics processing
- The use of more advance windowing methods can improve the accuracy of
the acoustic results having a smaller loss of informations near the windows
ends. Furthermore, implement the overlapping feature during the signal
processing would help to reduce the number of windows averaging needed
in order to have less the noise in the spectra, specially at high frequency.
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2. Additional tasks
• Perform a fine grid analysis of the baseline nozzle using fewer
applications of the characteristic filter - Once improved the ability of
the solver to handle standing shock a test running a LES on a fine grid for
the baseline nozzle would be a perfect test case to test the implementation.
It would also allow analysis of the variation of the solution due to the grid
refinement and see the impact of the resolution on the acoustics.
• Perform a fine grid analysis of the jet cases with injectors - The
LES run on a fine grid for the nozzle with injectors would be valuable to
identify the variation on the noise levels due to an improved resolution.
Furthermore, it would allow to have more details on the turbulent structures generated by the injectors and get a better understanding of their
development in the jet stream.
• Perform a fine grid analysis of the nozzle with and without injectors using the multifaceted geometry - The grid sensitivity analysis
for the multifaceted nozzle would highlight the impact of the resolved small
turbulent scales on the jet development and on the noise emitted. That
would give high-fidelity results to directly compare with the experimental
results, and help verify if the use of a round nozzle is justified in order to
simplify the simulation.
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• Extend the analysis to rectangular nozzles - The inclusion of a rectangular nozzle geometry using the Cartesian coordinates in the LES solver
is not a trivial task. The handling of the corners region of the nozzle require specific treatments to properly blend the effect of the neighboring
walls. Also the digital filter turbulent inflow needs to be updated to include all the four walls and corners effect. At the moment this is a work in
progress. The inclusion of the rectangular geometry would allow the LES
solver to extend its capability as design tool for noise reduction over nozzle
geometries used in modern jet aircrafts.
• Analyze the effect of oscillating injectors - The use of oscillating injectors, instead of constant injection, could work as a jet excitation mechanism. An excited jet can become quieter than its non-excited counterpart
if proper excitation frequencies are used (Kibens, 1980). Thus the effectiveness of the oscillating injection as a jet noise reduction strategy could
be also analyzed.
3. Long term goals
• Optimization - The best noise reduction using the injectors can be obtained setting up an optimization process based on few carefully selected
full scale LES runs to find the best options for injectors. Injector operating
pressures, location, orientation and shape could be investigated to find the
optimal settings for noise reduction.
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• Goal - The final goal is to elevate the level of understanding of jet noise to
design/control level and develop a methodology based on LES simulations
to design a quieter engine.
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Lorteau, M., Cléro, F., & Vuillot, F. (2015). Analysis of noise radiation mechanisms
in hot subsonic jet from a validated large eddy simulation solution. Physics of Fluids,
27 (7), 075108. doi: 10.1063/1.4926792

220
Louis, M. E. (2011). Validation of characteristic boundary conditions implemented in
computational aeroacoustics large eddy simulations of wall bounded flows. (Copyright
- Database copyright ProQuest LLC; ProQuest does not claim copyright in the
individual underlying works; Last updated - 2016-03-11)
Lyrintzis, A. S. (1994). Review: The use of kirchhoff’s method in computational
aeroacoustics. Journal of Fluids Engineering, 116 , 665–676.
Lyrintzis, A. S. (2003). Surface integral acoustics methods: From the (cfd) near- field
to the (acoustic) far-field. International Journal of Aeroacoustics, 2 (2), 95–128.
Lyrintzis, A. S., & Mankbadi, R. R. (1996, Feb 01). Prediction of the farfield jet noise using kirchhoff’s formulation. AIAA Journal , 34 (2), 413-416. doi:
10.2514/3.13079
Mankbadi, R. R., Hayer, M. E., & Povinelli, L. A. (1994). Structure of supersonic
jet flow and its radiated sound. AIAA journal , 32 (5), 897–906.
Mankbadi, R. R., Lo, S.-C., Lyrintzis, A., Golubev, V., Dewan, Y., & Kurbatskii, K.
(2016). Hybrid les-rans simulations of a jet impinging on a flat plate. International
Journal of Aeroacoustics, 15 (4-5), 535-553. doi: 10.1177/1475472X16642355
Markesteijn, A. P., Semiletov, V., Karabasov, S. A., Tan, D. J., Wong, M., Honnery,
D., & Edgington-Mitchell, D. M. (2017). Supersonic jet noise: an investigation
into noise generation mechanisms using large eddy simulation and high-resolution
piv data. AIAA Paper 2017-3029, AIAA AVIATION Forum, 23rd AIAA/CEAS
Aeroacoustics Conference, Denver, Colorado, June 5-9. doi: 10.2514/6.2017-3029
Martha, C. S. (2013, May). Toward high-fidelity subsonic jet noise prediction using
petascale supercomputers. West Lafayette, Indiana.
Martha, C. S., Situ, Y., Louis, M., Blaisdell, G., Lyrintzis, A., & Li, Z. (2012).
Development and application of an efficient, multiblock 3-d large eddy simulation
tool for jet noise. AIAA Paper 2012-0833, 50th AIAA Aerospace Sciences Meeting,
Nashville, TN, January 9 - 12.
Mendez, S., Shoeybi, M., Lele, S., & Moin, P. (2013). On the use of the ffowcs
williams-hawkings equation to predict far-field jet noise from large-eddy simulations.
International Journal of Aeroacoustics, 12 (1-2), 1-20.
Mendez, S., Shoeybi, M., Sharma, A., Ham, F. E., Lele, S. K., & Moin, P. (2012).
Large-eddy simulations of perfectly expanded supersonic jets using an unstructured
solver. AIAA Journal , 50 (5), 1103-1118.
Mendez, S., Shoeybi, M., Sharma, S., A.and Lele, & Moin, P. (2009). Post-processing
of large-eddy simulations for jet noise predictions. Center for Turbulence Research,
Annual Research Briefs.
Mohseni, K., & Colonius, T. (2000). Numerical treatment of polar coordinate
singularities. Journal of Computational Physics, 157 (2), 787–795.
Moore, P., & Boersma, B. (2006). Investigation of the noise from cold and heated
subsonic jets. AIAA Paper 2006-2500, 12th AIAA/CEAS Aeroacoustics Conference
(27th AIAA Aeroacoustics Conference), Cambridge, Massachusetts, May, 8 - 10. doi:
10.2514/6.2006-2500

221
Morgan, J., McLaughlin, D. K., & Morris, P. J. (2017). Experimental results for
supersonic jet noise reduction using nozzle fluidic inserts. AIAA Paper 2017-3518,
AIAA AVIATION Forum, 23rd AIAA/CEAS Aeroacoustics Conference, Denver,
Colorado, June 5-9. doi: 10.2514/6.2017-0683
Morgan, J., Morris, P. J., McLaughlin, D. K., & Prasad, C. (2017). Further
development of supersonic jet noise reduction using nozzle fluidic inserts. AIAA
Paper 2017-0683, AIAA SciTech Forum, 55th AIAA Aerospace Sciences Meeting,
Grapevine, Texas, January 9-13. doi: 10.2514/6.2017-0683
Morgan, J., Shoemaker, C., McLaughlin, D. K., Morris, P. J., & Berger, Z. (2018).
Analysis of fluid insert noise reduction method with piv. AIAA Paper 2018-3610,
AIAA AVIATION Forum, 24th AIAA/CEAS Aeroacoustics Conference, Atlanta,
Georgia, 25 - 29 June. doi: 10.2514/6.2018-3610
Morris, P. J., McLaughlin, D. K., & Kuo, C.-W. (2013, August). Noise reduction
in supersonic jets by nozzle fluidic inserts. Journal of Sound and Vibration, 332 ,
3992–4003.
Morris, P. J., McLaughlin, D. K., Powers, R. W., & Kapusta, M. J. (2014). Prediction, experiments and optimization of high-speed jet noise reduction using fluidic inserts. AIAA Paper 2014-3737, AIAA Propulsion and Energy Forum, 50th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Cleveland, Ohio, July 2830. doi: 10.2514/6.2014-3737
Murray, N. E., & Jansen, B. J. (2012). Performance efficient jet noise reduction for
supersonic nozzles. International Journal of Aeroacoustics, 11 (7-8), 937-956. doi:
10.1260/1475-472X.11.7-8.937
Murray, N. E., & Lyons, G. W. (2016). On the convection velocity of source events
related to supersonic jet crackle. Journal of Fluid Mechanics, 793 , 477–503. doi:
10.1017/jfm.2016.127
Nichols, J. W., Ham, F. E., Lele, S. K., & Bridges, J. E. (2012). Aeroacoustics of a
supersonic rectangular jet: Experiments and les predictions. AIAA Paper 2012-0678,
50th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and
Aerospace Exposition, Nashville, Tennessee, 09 - 12 January. doi: 10.2514/6.2012678
Nichols, J. W., Lele, S. K., Ham, F. E., Martens, S., & Spyropoulos, J. T. (2013,
Apr 23). Crackle noise in heated supersonic jets. Journal of Engineering for Gas
Turbines and Power , 135 (5), 051202-051202-7. doi: 10.1115/1.4007867
Norum, T. D. (1983, Feb 01). Screech suppression in supersonic jets. AIAA Journal ,
21 (2), 235-240. doi: 10.2514/3.8059
Pilon, A. R., Powers, R. W., McLaughlin, D. K., & Morris, P. J. (2017, Mar 13).
Design and analysis of a supersonic jet noise reduction concept. Journal of Aircraft,
54 (5), 1705-1717. doi: 10.2514/1.C033977
Polizzi, E., & Sameh, A. (2006). A parallel hybrid banded system solver: The spike
algorithm. Parallel Computing, 32 (2), 177–194.

222
Pourhashem, H., & Kalkhoran, I. M. (2016a). Effect of downstream microjet fluidic
injection on mixing characteristics of supersonic jet. AIAA Paper 2016-4237, AIAA
AVIATION Forum, 8th AIAA Flow Control Conference, Washington, D.C., June
13-17. doi: 10.2514/6.2016-4237
Pourhashem, H., & Kalkhoran, I. M. (2016b). Numerical investigation of supersonic
jet noise suppression via downstream microjet fluidic injection. AIAA Paper 20160002, AIAA SciTech Forum, 54th AIAA Aerospace Sciences Meeting, San Diego,
California, January 4-8. doi: 10.2514/6.2016-0002
Powers, R. W., Hromisin, S., McLaughlin, D. K., & Morris, P. J. (2016). Mean velocity and turbulence measurements of supersonic jets with fluidic inserts. AIAA Paper 2016-0001, 54th AIAA Aerospace Sciences Meeting, AIAA SciTech, San Diego,
California, January 4-8.
Powers, R. W., Kuo, C.-W., & McLaughlin, D. K. (2013). Experimental comparison
of supersonic jets exhausting from military style nozzles with interior corrugations
and fluidic inserts. AIAA Paper 2013-2186, 19th AIAA/CEAS Aeroacoustics Conference, Berlin, Germany, May 27-29.
Powers, R. W., McLaughlin, D. K., Morris, P. J., & Kuo, C.-W. (2014). Supersonic
jet noise reduction by nozzle fluidic inserts with simulated forward flight. AIAA
Paper 2014-2474, 20th AIAA/CEAS Aeroacoustics Conference, Atlanta, GA, June
16-20.
Powers, R. W., Senft, M., & McLaughlin, D. K. (2011). Acoustic measurements of
scale models of military style supersonic beveled nozzle jets. AIAA Paper 2011-2702,
17th AIAA/CEAS Aeroacoustics Conference, Portland, Oregon, June 5 - 8.
Rajput, P., Kumar, S., & Kalkhoran, I. (2017). Noise reduction for an unheated
mach 0.9 jet by fluidic injection. AIAA Paper 2017-3210, AIAA AVIATION Forum, 23rd AIAA/CEAS Aeroacoustics Conference, Denver, Colorado, June 5-9. doi:
10.2514/6.2017-3857
Rask, O., Kastner, J., & Gutmark, E. (2011, Aug 01). Understanding how chevrons
modify noise in supersonic jet with flight effects. AIAA Journal , 49 (8), 1569-1576.
doi: 10.2514/1.J050628
Rizzetta, D. P., Visbal, M. R., & Blaisdell, G. A. (2003, 6). A time-implicit
high-order compact differencing and filtering scheme for large-eddy simulation.
International Journal for Numerical Methods in Fluids, 42 (6), 665–693. doi:
10.1002/fld.551
Roe, P. (1981). Approximate riemann solvers, parameter vectors, and difference
schemes. Journal of Computational Physics, 43 (2), 357 - 372. doi: 10.1016/00219991(81)90128-5
Salehian, S., Kourbatski, K., Golubev, V. V., & Mankbadi, R. R. (2018). Numerical
aspects of rocket lift-off noise with launch-pad aqueous injection. AIAA Paper 20180519, AIAA Scitech Forum, 2018 AIAA Aerospace Sciences Meeting, Kissimmee,
Florida, 8–12 January. doi: 10.2514/6.2018-0519
Samimy, M., Kim, J.-H., Kastner, J., Adamovich, I., & Utkin, Y. (2007). Active
control of a mach 0.9 jet for noise mitigation using plasma actuators. AIAA Journal ,
45 (4), 890-901. doi: 10.2514/1.27499

223
Saxena, A.
(2016, May).
Guidelines for specification of turbulence at inflow boundaries.
ESI CFD.
Retrieved from
http://www.esi-cfd.com/esi-users/turb parameters/
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Troyes, J., Vuillot, F., & Lambaré, H. (2014). Large-eddy simulations of impinging
over-expanded supersonic jet noise for launcher applications. The Journal of the
Acoustical Society of America, 136 (4), 2168-2168.
Tyacke, J. C., Mahak, M., & Tucker, P. G. (2016). Large-scale multifidelity, multiphysics, hybrid reynolds-averaged navier–stokes/large-eddy simulation of an installed aeroengine. Journal of Propulsion and Power , 997-1008.
Uzun, A. (2003, December). 3-d large eddy simulation for jet aeroacoustics. West
Lafayette, Indiana.
Uzun, A., Blaisdell, G. A., & Lyrintzis, A. S. (2004). Coupling of integral acoustics
methods with les for jet noise prediction. International Journal of Aeroacoustics,
3 (4), 297–346.
Uzun, A., Blaisdell, G. A., & Lyrintzis, A. S. (2006, Jun 01). Impact of subgridscale models on jet turbulence and noise. AIAA Journal , 44 (6), 1365-1368. doi:
10.2514/1.9608
Uzun, A., & Hussaini, M. Y. (2012). Some issues in large-eddy simulations for
chevron nozzle jet flows. Journal of Propulsion and Power , 28 (2), 246-258.
Uzun, A., Kumar, R., Hussaini, M. Y., & Alvi, F. S. (2013). Simulation of tonal
noise generation by supersonic impinging jets. AIAA Journal , 51 (7), 1593-1611.
Visbal, M. R., & Gaitonde, D. V. (2001). Very high-order spatially implicit schemes
for computational acoustics on curvilinear meshes. Journal of Computational Acoustics, 09 (04), 1259-1286. doi: 10.1142/S0218396X01000541
Viswanathan, K. (2004, 10). Aeroacoustics of hot jets. Journal of Fluid Mechanics,
516 , 39-82. (Copyright - 2004 Cambridge University Press; Last updated - 2015-0815)
Viswanathan, K. (2010). Distributions of noise sources in heated and cold jets:
Are they different? International Journal of Aeroacoustics, 9 (4-5), 589-625. doi:
10.1260/1475-472X.9.4-5.589
Viswanathan, K., & Czech, M. J. (2011, May 01). Adaptation of the beveled
nozzle for high-speed jet noise reduction. AIAA Journal , 49 (5), 932-944. doi:
10.2514/1.J050409
Vuorinen, V., Wehrfritz, A., Yu, J., Kaario, O., Larmi, M., & Boersma, B. J. (2011).
Large-eddy simulation of subsonic jets. Journal of Physics: Conference Series, 318 ,
032052.
Wan, Z.-H., Zhou, L., Yang, H.-H., & Sun, D.-J. (2013). Large eddy simulation of
flow development and noise generation of free and swirling jets. Physics of Fluids,
25 (12), 126103.
Wang, P. C., & McGuirk, J. (2011). Large eddy simulation of high speed nozzle flows assessment and validation of synthetic turbulence inlet conditions. AIAA Paper 20113555, 20th AIAA Computational Fluid Dynamics Conference, Fluid Dynamics and
Co-located Conferences, Honolulu, Hawaii, June 27 - 30.

226
Wang, P. C., & Mcguirk, J. J. (2013). Large eddy simulation of supersonic jet
plumes from rectangular con-di nozzles. International Journal of Heat and Fluid
Flow , 43 , 62.
Yu, J. C., & Dosanjh, D. S. (1972). Noise field of a supersonic mach 1.5 cold model
jet. The Journal of the Acoustical Society of America, 51 (5A), 1400-1410. doi:
10.1121/1.1912991
Zaman, K. B. M. Q. (1985). Far-field noise of a subsonic jet under controlled
excitation. Journal of Fluid Mechanics, 152 , 83–112.
Zaman, K. B. M. Q. (1986). Flowfield and near and far soundfield of a subsonic jet.
Journal of Sound and Vibration, 106 , 1–16.
Zaman, K. B. M. Q. (2012). Supersonic jet noise reduction by microjet injection. International Journal of Aeroacoustics, 11 (7-8), 917-936. doi: 10.1260/1475472X.11.7-8.917

227

A. Appendix - Unheated jet instabilities

The run for the unheated jet case on the finer grid required an ad-hoc treatment
in order to prevent the generation of numerical instability. The use of a finer grid
increased the resolution near the centerline revealing that a small but strong standing
shock (i.e. a Mach disk) is located inside the nozzle. The low-dissipative and lowdiffusive LES solver generates numerical instability in form of axial and azimuthal
fluctuations that eventually turn into NaN (i.e. Not a Number). Figure A.1 shows
the instantaneous contours of the primitive variables near the standing shock. It can
be seen how the instability locally deforms the flow-field variables.
In order to avoid the instability to arise it is found that additional applications
per time-step of the characteristic filter are needed. In the present analysis the characteristic filter is applied four times, instead of two times as is usually done (Lo et
al., 2010; Aikens, 2014; Aikens et al., 2015). The additional dissipation damps out
the instability (see Figure A.2) and improves the resolution of the shock.
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(a) Planes overview

(b) Pressure

(c) Density

(d) Velocity, x-component

(e) Velocity, y-component

(f) Velocity, z-component

Figure A.1. Instability - Instantaneous contour plots of the primitive variables (i.e. pressure, density and Cartesian components of the
velocity) near the Mach disk located inside the nozzle.
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(a) Pressure

(b) Density

(c) Velocity, x-component

(d) Velocity, y-component

(e) Velocity, z-component

Figure A.2. Effect of the four applications of the characteristic filter
- Instantaneous contour plots of the primitive variables (i.e. pressure,
density and Cartesian components of the velocity) near the Mach disk
located inside the nozzle.
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B. Appendix - Heated jet instabilities

The heated jet case analyses needed an ad-hoc treatment in order to prevent the
generation of numerical instabilities. The difference in temperature between the ambient air and the hot jet create strong gradients of density in the shear layer, that
generate instabilities arising near the nozzle lips. The phenomenon was difficult to
identify because its random in character. Indeed, the instability was randomly appearing during the simulation as shown in Figure B.1, where the (CFL) numbers
connected to the axial, radial, and azimuthal spacing are shown for each time step.
The plausible cause of this behavior is the random fluctuations imposed at the inflow
that propagate downstream, interact with the ambient air and eventually generate
the instability.
Figure B.2 shows the instantaneous contour plots of density and axial velocity in
a region close to the nozzle lips, at the time-step right before the simulation generates
NaN. The instability is located between the blocks downstream the nozzle exit and
the nozzle lip. The extremely low value of density and the single blue dot in the axial
velocity contour (negative value of velocity) identify the instability origin. It must be
pointed out that a shift in the sequence of the random number generator used at the
inflow would cause the instability to appear in a different iteration and in a different
location near the nozzle lips.
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Figure B.1. Instantaneous maximum CFL numbers in the axial, radial, and azimuthal direction.
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(a)

(b)

(c)

(d)

Figure B.2. Instantaneous contour plots of density (top) and axial
velocity (bottom) near the nozzle lips, along an azimuthal slice at
φ = 0◦ . The right side pictures show a close up of the region past the
lip.
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A localized application of the characteristic filter was enforced in order to damp
out any strong fluctuation. In particular, the characteristic filter was applied on a
ring, with ten points extension in the axial and radial direction, located right next to
lower side of the nozzle lips. This approach removed fluctuations in the CFL number
and in the flow-field variables.
A similar issue is present for the nozzle with injectors. Indeed, the air injected
is at ambient temperature and generates density gradients as the ones seen at the
nozzle exit. For this case the characteristic filter was locally enforced on a region (i.e.
a cylindrical sector) surrounding the injectors, that starts upstream the first injector
and ends right past the second injector, in addition to the characteristic filter ring
used for the baseline case.

